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A b s t r a c t
The aim of this dissertation is to demonstrate the potential 
of novel measurement techniques based on the scanning of 
gamma-ray transmission in the investigation of axially- 
symmetric flow properties of granular materials in 3D 
hoppers. Furthermore, the results of the experimental 
investigations are compared on a strictly quantitative basis 
with Newtonian Dynamics (i.e. Discrete Element simulations) 
and Molecular Dynamics (i.e. kinetic gas theory
calculations).
Measurements were performed using two specially constructed 
scanner systems of different geometric configuration of 
gamma-ray sources and detectors(namely parallel and fan beam 
arrangements respectively) . The fan beam scanner has been
developed entirely in the Department of Chemical & Process
Engineering by the author of this thesis and therefore a 
significant part of the thesis deals with major points 
concerning both hardware and software development as well as 
associated calibration procedures.
Gas-phase continuous mono-disperse systems have been studied 
using (i) the full tomographic imaging technique which is 
able to produce 3D planar maps of voidage at selected 
heights of a storage vessel and (ii) the single profile 
absorptiometric technique capable of producing voidage
profiles in both Cartesian and polar coordinates at much 
faster acquisition rates. Results were compared with earlier 
Distinct Element numerical simulations showing encouraging 
agreement in terms of both the absolute values of voidage 
and their spatial fluctuations as well as the geometric 
structure of the static and dynamic particle assemblies.
Size segregation in air borne binary mixtures have been 
quantified using the novel dual energy photon technique 
which is capable of producing solids fraction profiles for 
each of the individual components of a binary mixture in 
addition to the voidage profiles. Spatial and temporal data 
on solids fractions in a binary mixture were analysed using 
methodology based on statistical mechanics principles which 
led to the definition of "micro-turbulence" during flow in 
terms of the self-diffusion velocities of individual solid 
components. This then allows the calculation of both the 
self- and mutual-diffusion coefficients used to quantify 
size segregation. These calculations were also compared with 
theoretical predictions based on the kinetic gas theory 
which was found to grossly over-predict the calculated 
diffusion coefficients in slow-shearing granular flows.
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Introduction
Chapter 1 Introduction
Various problems arise during the transport and handling of 
granular materials in the process industry. Particle
segregation and attrition, lack of control in solid flow 
rates, build up of adverse pore pressures are some of the 
major ones. It has long been a common belief that most of 
these problems are closely linked to the behaviour of the 
interstitial voidage within the process units. Therefore, a 
significant need for reliable quality control methods 
emerged, and a considerable amount of the research pursued 
during the last ten years in the particle technology area 
has been focused on the adaptation and application of these 
methods.
Based on a number of different physical principles (nuclear 
radiation emission, magnetic resonance, electrical 
impedance), these methods were already in use in other 
fields like medicine, chemistry and biology with established 
success. The primary considerations in choosing the
appropriate method for characterizing the bulk voidage 
profiles in a granular system is the requirement for
achieving the necessary spatial resolution and in the case
of dynamic events such as flow the appropriate temporal 
resolution is also important.
Traditionally, the above mentioned non-intrusive techniques 
are often used as on-site quality control tools especially 
in the context of diagnostic examination of materials for 
non-uniformity or non-homogeneity of composition, defect 
detection (e.g cracks, structure faults) [see Maisl et al 
(1990) ] but more recently they have been applied to flow 
related problems in multiphase flow environments within the 
context of process engineering, where of course systems 
especially constructed to extract quantitative and dynamic
2
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information rather than high resolution diagnostic 
information are required.
Mass discharge of single or multi-component granular systems 
from large scale silos is one of the major areas of interest 
in process industries. Filling methods of the silos and flow 
behaviour of granules during discharge play a very important 
role in the quality of the final product and therefore most 
of the research in this area has been focused on the 
prediction of the behaviour of granules within the silo 
using various theoretical methods based either on the 
continuum mechanics principles or on empirical correlations.
More recently, discrete numerical simulations of granular 
systems have become possible [Langston et al(1994)&(1995)] 
where direct quantitative information can be obtained about 
the internal stress and velocity fields of granular 
materials which then can be used to compare with tomographic 
measurements. This thesis will deal predominantly with the 
comparison between simulated and experimental data and also 
with the conclusions that can be extracted as to the 
validity of the proposed theoretical models. j
Gamma ray tomography was one of the first non invasive 
techniques used to investigate the flow behaviour of single 
or multi-component granular systems. Based on the absorption 
of the incident photons of a finely collimated beam on the 
object of interest, provides us information about the 
interstitial voidage in a granular system more accurately 
than any other technique whereas at the same time it can be 
optimized to give us additional information about dynamic 
properties as well. A general overview of the thesis is as 
follows.
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In Chapter 2, a review of all non-invasive techniques 
applied to particulate systems is presented together with a 
review of these and other techniques applied especially in 
the case of 2D and 3D granular flows in hoppers. The need 
for a non-invasive measurement technique in the case of 
hopper flow is established and the advantages of the 
ionizing radiation techniques for doing so are presented.
Chapter 3 deals with the principles of the techniques used 
in the present study. The properties of granular materials 
in the interaction with radiation are examined first and a 
detailed description of all types of measurement techniques 
used for the experiments is given. The full tomographic 
imaging technique together with all stages of image 
reconstruction from projections is first given. A faster 
acquisition technique known as single photon absorptiometry 
is also described as suitable for the study of mono-disperse 
systems and finally details about the novel dual photon 
tomographic technique used for the determination of phase 
fluxes in poly-disperse mixtures are also given.
In Chapter 4, the design and construction of a novel fan 
beam scanner is presented together with details of all 
hardware and software employed as well as some design 
calculations. The ability of the new scanner to determine 
voidage and flow properties is explained on the basis of its 
performance characteristics. Furthermore, a description of 
the previously constructed parallel beam scanner is given 
and comparisons are drawn between the two scanners, both 
with regards to cost and efficiency as well as spatial and 
temporal resolution.
Chapter 5 deals with some preliminary test scans of the fan 
beam scanner and the required calibration procedures for
4
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both mono-disperse and poly-disperse cases are presented.
Chapter 6 starts with a background of theoretical studies 
developed already for mono-disperse granular systems and a 
set of tomographic experiments is presented which are 
subsequently compared with the theoretical predictions. A 
brief study concerning the physical factors that contribute 
to the observed discrepancies between theory and experiment 
is also included.
Chapter 7 deals with size segregation in binary mixtures and 
contains experimental data for a binary mixture of size 
ratio (2.11:1) and 20% by weight fine particles using the 
novel dual photon technique. A statistical analysis is also 
developed to assist in the quantification of the temporal 
and spatial variations of self-diffusivity and relative 
diffusivity of the two mixture components during bulk flow. 
Comparison of the results is also performed with kinetic 
theory predictions as these are applied to granular shear 
flows.
Chapter 8 contains experimental data from the same binary 
mixture where a conical insert is placed close to the 
transition line in order to create obstructed flow patterns. 
The same statistical analysis is applied to determine any 
possible differences that might have occurred to the degree 
of segregation due to the presence of the obstacle.
Finally, Chapter 9 summarizes the conclusions on the studies 
to date of both mono-disperse and poly-disperse systems. 
Furthermore, a discussion is presented also of the possible 
future work in granular flows in hoppers in Chapter 10, 
including a full exploitation of the dual photon technique 
potential in this thesis for other types of binary mixtures,
5
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as well as a possible further implementation of a novel data 
acquisition technique which will allow direct 3D volume 
reconstruction of fine powder beds in the micron size range.
6
C h a p t e r  2
Review of measurement techniques
in particulate systems
Chapter 2 Review o f  measurement techniques
in p a rticu la te  system s
2.1 Non-invasive multiphase flow measurements in 
particulate systems
Several non-invasive measurement techniques well established 
in the field of medical diagnosis and research have been 
used since the early 80s to investigate the behaviour of 
various particulate systems. These techniques are divided 
into two categories, the ionizing radiation methods (e.g. X- 
ray and gamma-ray tomography and absorptiometry, single 
photon and positron emission tomography) and the non­
ionizing radiation methods (e.g. nuclear magnetic resonance, 
electrical impedance tomography).
2.1.1 X-ray and Gamma-ray transmission methods
X-ray and gamma-ray transmission methods were of the 
earliest non-invasive techniques to investigate the two 
phase flow behaviour of single or multi-component granular 
systems. An external probe consisting of a system of 
radioactive sources and detectors measures the transmitted 
radiation emerging from the scanned object and an estimation 
of the attenuation coefficient along the beam path can be 
extracted.
Gamma-ray gauges were the first non-invasive devices used 
for the voidage detection in particulate systems. Baumgarden 
and Pigford (1960) used such a device to record density 
fluctuations in a fluidized bed. The amount of radiation 
emerging from the bed was registered as a voltage signal 
which in turn was calibrated against density using an 
oscilloscope. Information about bubble diameter, thickness, 
frequency and velocity were extracted from the oscillograms.
A similar gauge was used by Weimer et al(1985) to determine 
hydrodynamic properties of fluidized beds. A feasibility
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study concerning the accuracy of this technique especially 
in the determination of bubble diameter was reported, with 
the conclusion that the technique was very accurate in
measuring expanded bed height, dense phase voidage, dense 
phase superficial gas velocity and bubble frequency but was
overestimating bubble diameter due to the fact that bubble
centres were offset from the beam centre and some of them 
were shadowed behind or were close to other bubbles. In
order to solve problems of this nature the development of 
visualization techniques employing small size penetrating 
beams was suggested which could obtain two dimensional
(conventional radiography) or even better three dimensional 
(tomography) voidage information.
By using a first generation gamma ray scanner employing a 
one source-one detector system McCuaig et al(1985) reported 
for the first time three dimensional time-averaged results 
of the internal structure of a gas-f luidized bed after 
acquiring tomographic images of the bed. The information
provided from this work concerned the voidage structure and 
the effects of the background fluidization and particle 
shape in the dissipation of the gas momentum in the jet
region.
By using the same tomographic equipment Seville et al 
(1986), investigated the jet and the bubbling region of a
fluidized bed above a multi-orifice distributor and 
determined the transition height between them. All the 
results were in very good agreement with some previous 
theoretical predictions and other experimental methods. The 
tomographic results were averaged over a long period of time 
(6-7 hours) with a rather coarse spatial resolution of 5mm, 
compared with the size of the particles in the bed (3 00- 
355pm).
9
An updated version of the above mentioned tomographic 
equipment was used by Sim1 .ons et al(1993 ) to produce 
reconstructed images of larger vessels of fluidized beds, 
with an improved spatial resolution of 1mm and scan times 
reduced to 4h although scan times of the order of 90s could 
be obtained at the expense of poorer spatial resolution. 
This tomographic equipment will be described in more detail 
in Chapter 4. The excellent detection ability and resolution 
of this technique revealed the position and penetration of 
the gas jet, the presence of the dead zones and the 
transition to the bubbling/slugging regime. The long time 
averaged profiles though, could not record rapid events like 
the movement of the individual bubbles.
A faster way of studying the onset and rising of bubbles in 
a fluidized bed and their surrounding voidage has been 
reported by Yates et al(1994). An X-ray radiographic system 
operating with a speed of 25 frames/s provided two 
dimensional projected information of bubbles as well as 
voidage information of the surrounding medium after the 
system had been calibrated against known values of voidage. 
The rapid acquisition of information was coupled with the 
de-convolution of the two dimensional data to a three 
dimensional data set using Abel transformation which is 
applicable for axially symmetric objects (e.g. bubbles).
Similar scan times but improved spatial resolution and also 
three dimensional acquisition of data can be achieved by the 
use of a medical CAT scanner. Kantzas(1994) reported the 
results derived from the study of fluidized and trickle beds 
using a fourth generation EMI medical scanner which could 
provide a spatial resolution as low as 0.4mm and scan times 
for a single slice acquisition of no more than 3s. 
Therefore, the internal structure of a reactor bed could be
Chapter 2 Review o f  measurement techniques
in p a rticu la te  system s
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accurately and rapidly revealed since bubbles were forming 
in a frequency of 8 bubbles/s and rising with velocities of 
several cm/s within a fluidized bed. However, the large 
scale of the scanning equipment together with the high cost 
of purchase and maintenance limits its use as an on-line 
process diagnostic tool in industrial sites.
A combination of an X-ray and a gamma-ray probe, providing 
two independent energy levels for beam attenuation 
measurements, has been used to determine the packings in a 
binary gas fluidized bed. Seo and Gidaspow (1987) calibrated 
the system against the three different states of the 
reactor(empty, filled with the first type of particles, 
filled with the second type of particles) to measure time- 
averaged void fractions over a 7 min period in a fluidized 
bed consisting of particles with density difference of at 
least 20%. The two probes were used alternately to measure 
the bed voidage, which might introduce problems for a system 
with high voidage variation frequency. Segregation maps were 
produced after measuring void fractions for each of the 
individual components at various locations in the reactor.
2.1.2 Electrical impedance methods
Electrical impedance tomography has found wide application 
in the study of multiphase flow since data acquisition is 
rapid and the cost of building such a system is 
significantly cheaper compared with other methods.
It is based on the measurement of the impedance of a medium 
(e.g. resistance, capacitance or inductance) with a number 
of electrodes placed around the object. Although it is a 
very fast technique (100 frames/s can be obtained) it lacks 
spatial resolution (2-3cm) and its performance is affected 
by factors like blurring due to averaged permitivity for
11
each pixel and non linear effects due to the electrical 
interactions between particles which distort the 
proportionality of void fraction to the measured permitivity 
and thus require iterative procedures to project voidage 
data.
Geldart and Kelsey (1972) pioneered the use of electrical 
impedance methods in the study of particulate systems by 
applying capacitance probes to detect the frequency 
formation of bubbles in a fluidized bed. Results were highly 
dependent on the calibration sensitivity of the tracing 
signals from the probes against cine-film frames obtained 
with the same time scale and also affected by the 
interference of the probe with the surrounding material in 
the bed although care was taken to minimize the area of 
contact. Both 2D and 3D results of voidage were reported but 
no information could be obtained about bubble size and total 
number of bubbles passing from a certain level, since a 
faster imaging technique revealing the interior of the bed 
was necessary for that.
Halow and Nicoletti(1992) presented the first three 
dimensional capacitance imaging system applied to the study 
of fluidized beds. Four rings of electrode arrays each one 
employing 32 electrodes, surrounded the bed and successive 
measurements were taken with a rate of 60-100 frames/s to 
produce plane voidage maps at all four levels characterized 
by a plane spatial resolution of 10mm and a vertical spatial 
resolution of 25.4mm which is rather coarse for the 
monitoring of individual particles but quite satisfactory 
for phase monitoring (e.g. emulsion and bubbling phase).
Various bubble features like frontal diameter, rise 
velocities as well as voidage distribution around the
Chapter 2 Review o f  measurement techniques
in p a rticu la te  system s
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emulsion phase and bubble coalescence were accurately 
determined due to the fast acquisition rate of the technique 
which seemed to work very well for void velocities up to 
150s-1.
A two phase representation was used for the discrimination 
of the bubbles from the emulsion phase based on cut-off 
thresholds of the voidage values. This discrimination was 
not feasible by direct observation due to the coarse spatial 
resolution which was also enhanced by the averaged
permitivity values in the voxels destroying any sharp 
boundaries in the image. The same capacitance system was 
used by Halow et al(1993) with improved methods for 
calculating the various bubble features.
A similar electrical impedance tomographic system which 
however consists of a single row of eight electrodes was 
used by Dyakowski and Williams(1995) to study solids flow in 
pneumatic conveying pipes. Only dense flow structures were 
imaged resulting from low air velocity since very dilated 
structures resulting from high air velocities appear to have
permitivity values equal to the permitivity values of air
and no solids could be imaged. A single tomographic image 
could be obtained at 10ms enabling continuous visual
monitoring of solids during flow through the pipe and 
determination of solid phase deposits but no information 
could be gathered for velocities of individual particles 
suspended in air.
2.1.3 Photon emission methods
Methods based on the detection of ionizing radiation emitted 
by radio-labelled tracer particles participating in the flow 
of particulate systems have been widely used in the last few
13
years to characterize the rate and direction of motion of 
individual particles within the bulk.
The most popular of these techniques is Positron Emission 
Particle Tracking(PEPT) which is based on the same physical 
principles as Positron Emission Tomography(PET). This 
technique primarily developed in the medical field to study 
functional disorders of the body, has been applied to the 
study of industrial processes with preliminary work reported 
by Hawkesworth(1986) at the University of Birmingham. It is 
based on the simultaneous detection of two annihilation
photons emitted with 511keV energy and in almost opposite 
directions after the of a positron (positively charged 
electron) with an electron.
A positron camera consisting of two position sensitive 
detector plates one parallel to the other with an area of 
600x300mm2 each, is used to detect the coincident events. The 
position where annihilation takes place (i.e. the position
of the positron and electron annihilation) lies along the 
line defined by the detection of the coincident events in 
opposing detectors. These lines obtained for various angular 
views around the object are used to reconstruct the
concentration of the positron emitters at any point after 
correcting for scattering and attenuation in the object. 
Therefore, an image is formed with a spatial resolution of 
6-8 mm (full width at half maximum, a parameter defined as 
the width of the distribution of the image of an ideal line, 
at a level that is just half the maximum ordinate of the 
peak) mainly governed by the inherent detector resolution 
and also by the natural limitation that the positron
annihilates after a free mean path length of 2-3mm in the 
medium.
Chapter 2 Review o f  measurement techniques
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Since back-projection of coincidence lines to an image (PET) 
did not to seem to offer much in terms of on-line flow
monitoring, a statistical method based on the unprojected 
trajectories has been developed by Bemrose et al(1988) to
determine 3-D particle position. The feasibility of the new 
technique for particle tracking was tested on a model 
fluidized bed.
The method for particle tracking by using the photon
trajectories has been improved in a recent work by Parker et 
al (1993). The spatial resolution in Positron Emission
Particle Tracking (PEPT) is referredtoin terms of the 
uncertainty error in the estimation of the particle location 
(3-D standard deviation) and depends upon the number of 
events used for the determination of the particular 
location.
The temporal resolution meets very high standards as each 
exposure is logged within a time period of the order of 
milliseconds. The new algorithm rejects corrupted events due 
to scattering or invalid coincidences and keeps every time 
an optimum set of events for tracking the particle according 
to its velocity. The new method encourages the use of 
smaller tracers (2mm diameter) instead of the larger 
ones(i.e. 5mm) used until now.
PEPT has also been applied recently to powder mixing studies 
providing a way to calculate the particle density at each 
point as a function of the filling level and the shaft angle 
[Beynon et al (1993)].
The main advantage of this technique is focused on the fact 
that a single particle can be monitored continuously as it 
moves within the bulk flow field with a high degree of
15
spatial certainty. However, it has so far not been possible 
to follow more than one particle at a time. Furthermore, the 
need for fast positron annihilation necessitates the 
construction of high density capsules for the tracers, which 
might result in ' their segregation during bulk flow due 
to the rather large density difference especially with 
rather large tracer particles.
It also has to be noted that following a single particle at 
a time can generate only very local flow information which 
cannot be used to characterise the bulk flow field 
instantaneously. Thus, more of a statistical description of 
flow field would emerge on the basis of many tracking 
events.
Another method of particle tracking developed by Larachi et 
al (1994) is based on the detection of single energy photons 
emitted by a radio-tracer introduced in the flow by eight 
scintillation detectors positioned around the vessel. The 
system was calibrated by generating around 20000 grid points 
using Monte-Carlo methods by the measured and calculated 
intensity values for each detector for 150 known positions 
of the tracer throughout the reactor.
There is a significant similarity of this technique with PEPT 
The tracer ^as similar density and size with the surrounding 
material since emission of gamma rays from a single energy 
gamma-ray emitter is spontaneous. The precision of the 
position determination is worse than in PEPT and can only be 
improved by employing more detectors so that the calibration 
grid is more finely defined, which however complicates the 
system and raises the cost.
Chapter 2 Review o f measurement techniques
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2.1.4 Nuclear Magnetic Resonance (NMR) Techniques 
The presence of a material within a static magnetic field 
results in the creation of a magnetization vector in the 
material due to the orientation of the individual magnetic 
spins along the direction of the magnetic field.
When a radio-frequency pulse with a frequency equal to the 
Larmour frequency that the magnetization vector precesses 
around the static magnetic field at the equilibrium 
condition is applied, then the magnetization is tilted by an 
angle of either 90° or 180° and the system is at an 
excitation state. The system is de-excited and returns to 
the equilibrium within certain time constants (Tx and T2) 
characteristic for a particular element.
NMR imaging being a technique sensitive to the chemical 
composition of a substance has been widely used to the study 
of the internal structure and the dynamic processes 
occurring within various types of materials (e.g ceramics, 
polymers and food processing) but one of the most successful 
applications of NMR imaging is on the study of liquid 
transportation through porous media.
Gladden(1993) gives an extensive description of all possible 
techniques that can be performed by using the magnetic 
resonance phenomenon and demonstrates their potential when 
applied to the study of characterisation of pore structure 
and liquid transportation through these structures.
Spectroscopy measurements are possible to characterise the 
electrochemical environment of a substance since resonant 
frequencies of any molecular species are well defined. 
Diffusion studies of molecular species and determination of 
diffusion coefficients can be extracted by studying the
17
phase difference of a molecular species as it diffuses to 
different locations after the instant application of a pulse 
gradient which introduces spatial dependency in the medium. 
Useful information especially about the structure of pore 
structures can be revealed by considering the Tl and T2 
relaxation times whereas when a spatial dependency of the 
resonant frequency is introduced in the medium by applying a 
magnetic field gradient, spatial encoding of information can 
be achieved which results to the acquisition of images.
It has also to be noted that in the case of beds consisting 
of solid particles the acquired resolution is worse than in 
the case where liquids are scanned and therefore the 
selection of solid particles should be such that to yield 
satisfactory NMR signals. Various acquisition techniques 
developed over the last few years, contribute to the 
enhancement of the quality of the images in terms of the 
spatial resolution when solid materials are scanned but 
these are still at a research stage and it has not been 
possible to apply to any process engineering system.
Nakagawa et al(1993) faced the problem of poor signals from 
solids when he was carrying out measurements in a rotating 
silo of packed particles, by using mustard seeds which 
contain oils giving very good signals. Concentration and 
velocity profiles of the particles were extracted revealing 
distinct regions of rigid body and shearing.
Majors et al(1989) used NMR imaging techniques to study the 
fluid concentration and velocity profiles in suspensions of 
negatively buoyant particles. The experiments were performed 
by monitoring the NMR signals of the 1H nucleus which is the 
most popular in NMR measurements due to its high 
gyromagnetic ratio value. It would be also possible to
Chapter 2 Review o f measurement techniques
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measure the concentration and velocity profiles of the 
particulate phase of the suspension, if particles enclosing 
micro-encapsulated fluid, containing a fluorine label (19F 
produces excellent NMR signals) were used.
Images of high spatial resolution at a very high acquisition 
rate can be obtained by using NMR resulting to acquisition 
of concentration and flow information of systems under the 
same physical conditions of operation. Scans can be obtained 
at all possible directions without modifying the hardware of 
the probe as may be necessary when using radiation 
transmission methods.
However, the selection of the materials suitable for an NMR 
experiment is limited to those not having paramagnetic 
properties otherwise disturbance of the magnetic field is 
possible. Fluid phase of a system can be easily determined 
by NMR whereas for the solid phase, materials either 
naturally or artificially labelled with an appropriate 
nucleus producing good NMR signals should be used. This 
makes NMR not suitable to be used in the study of flow in 3D 
granular systems unless either certain types of particles 
are used(subsequent limitations in the selection of size and 
density) or particles are labelled with the appropriate 
nucleus something that will prove an expensive and time 
consuming task to perform. Finally, the size and the cost of 
such equipment prevents it from being used as a mobile 
measurement device to industrial sites.
2.2 Previous studies of 2D & 3D granular flows in hoppers
2.2.1 Voidage measurements
Porosity measurements in packed beds within cylindrical or 
conical containers is a routine task for transmission
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ionizing radiation measurement technique since highly 
penetrating beams can offer reproducible solids fraction 
values for both dry and liquid based particulate systems.
Bosley et al (1969) used a gamma ray absorptiometric 
technique to prove that a considerable error is induced in 
the solution of the equations describing flow in hoppers, if 
the density is assumed to be constant during flow.
Fickie et al (1989) using a similar method,inferred a gradual 
decrease of stress towards the orifice of a hopper and thus 
managed to disprove the existence of the so-called "free 
fall surface" near the outlet, below which it had hitherto 
been assumed that solid stresses were almost zero and all 
inter-particle contacts were broken, with particles moving 
near their free fall velocities.
Ionizing radiation methods have been also used as 
complementary tools in theoretical calculations of voidage. 
A geometrical solution for the calculation of radial void 
fraction distributions in randomly packed beds of uniformly 
sized spheres has been reported by Mueller(1992) where the 
centre coordinates for each sphere necessary for the 
geometrical solution are determined by using X-ray 
radiography. Satisfactory agreement between the model 
resulted and other previous results were also reported.
Mono-sized and binary beds in different proportions and size 
ratios of polymethyl methacrylate spheres of size 
distribution 90-1000mm were scanned by Hosseini-Ashrafi and 
Tuziin (1993a) using the parallel beam scanner which will be 
described in detail in Chapter 4.
Chapter 2 Review o f measurement techniques
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The experimental work involved consecutive scans at 
different heights of beds with flow history during a series 
of start-stop experiments to achieve better image 
reconstruction quality and also of static beds with no flow 
history. The boundaries of the particles in the images could 
not be distinguished since the spatial resolution of the 
scans is larger than the individual particle size and the 
solid fraction content at every pixel cannot be calculated 
by direct observation methods.
Therefore, a solids fraction calculation method based on 
reference values of attenuation for both air and solid 
filled locations, was tested at every point with an 
accuracy of 1.5% and voidage values were presented in 
Cartesian and polar coordinates as well as averaged values 
within equal-area strips spanning radially away from the 
centre of the hopper. The axial symmetry of flow was 
revealed from the radial distribution of voidage.
No significant alteration of the plane mean void 
f raction (PMVF) with height was observed in the case of the 
static bed in both the cylindrical and the conical section 
of the hopper, but there was a visible increase in going 
from the conical to the cylindrical section. A well defined 
voidage peak propagating with time up the silo was revealed 
and a minimum value of voidage could be clearly detected 
within the cylindrical section close to the bin-hopper 
transition line as it can be seen in Fig.2.1.
Faster scan times (<2 0s) have been achieved by using a more 
recent quantitative technique employing single linear 
profile measurements across beds of mono-sized and binary 
mixtures and by subsequent radial transformation of the
21
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Fig. 2.1 A well defined voidage maximum is shown to
propagate up the silo during batch discharge of a 
binary mixture bed of 75% b.w. of 850-1000|imancj 
25% b.w. of 125-212jlm diameter spheres (reproduced 
from Hosseini-Ashraf i and Tuziin (1993a) )
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linear data using the Abel transformation technique; see 
Hosseini-Ashrafi and Tiizun(1993b) .
A mono-sized bed of polymethyl methacrylate powder in the 
125-200mm size range and a binary mixture of 80% by weight 
of acrylic beads in the 0.85-1.0mm size range with 20% by 
weight of fines were scanned during discharge using the new 
absorptiometric method. The significant time variation of 
voidage in the case of the mono-sized bed of fine particles 
(size of 125-200mm) indicates the presence of air impeded 
flow whereas in the case of the binary mixture (80% of 
coarseparticles in the size range 0.85-1.0mm) the time 
variation of voidage is quite small and a dilated region in 
the centre of the hopper is. evident. The spatial resolution 
of these scans is 2mm, which is of the order of 2-10 
particle diameters. Therefore, they will not allow the 
detection of the "empty annulus" at the orifice plane which 
is known to have a width of about 1-2 particle diameters 
[Arteaga and Tiizun (1990) ] .
The spatial variation of voidage with height is significant 
over a height of 50mm above the orifice (3 or so orifice 
diameters) in the case of the binary mixture whereas at 
greater heights the profiles are reasonably flat. The 
dilated region in the case of the mono-sized mixture is 
predominant over a height of 50mm from the orifice with a 
similar shape voidage profile as in the binary case for ~ 
greater heights.
The potential of this technique relies on its speed and it 
is suitable for measurements close to the hopper outlet 
where particles are known to accelerate significantly.
2 3
Similar absorpiometric measurements in liquid/solid systems 
are reported by Nikitidis et al(1994) where voidage profiles 
close to the outlet and within a vertical standpipe have 
been determined for a mixture of nearly buoyant extruded 
plastic particles of 3.76mm in diameter under both static 
and flowing conditions.
The buoyancy of the particles used in these experiments 
posed some difficulties in distinguishing them from water 
during the absorptiometric measurements, since both the 
density difference(2-5%) and the elemental composition 
between the extruded plastic particles and water was 
similar. Therefore, a contrast agent(KI) was introduced into 
the water so that a sufficient measurement contrast was 
established by the changes to the attenuation coefficient of 
water. On the other hand care was taken so that the amount 
of the agent added to water (2% by weight) was not narrowing 
the density gap of 2-5%.
A reproducibility within 1-2% of the solids fraction 
profiles was achieved as can be seen in Fig.2.2 and both the 
axial symmetry as well as the dilation of the bed were also 
revealed from the linear and the radially transformed 
voidage profiles. The fluctuations in the measured point 
values of the solids fraction were quite considerable(within 
10%) as can be seen in Fig. 2.3, because the collimator 
aperture size(1mm) was much smaller than the particle 
size(3.76mm) being scanned and therefore large solid objects 
aligned themselves in front of a much narrower beam.
The variation of solids fraction with height appeared to 
obey a similar pattern for both the linear and the radial 
data. However, it is worthwhile to note here that particles 
were moving faster than the surrounding liquid close to the
Chapter 2 Review o f  measurement techniques
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Fig.2.2 Linear profiles at 34mm below the orifice of a bed 
of 60% b.w. extruded plastic particles 3.76mm i'h 
diameter and 40% b.w. solution of water and 
potassium iodide over two consecutive periods of 
mass discharge. Measurements are well reproduced 
within 1-2% (Nikitidis et al (1994))
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Fig.2.3 The fluctuations in the measured point values of
the solids fraction were quite considerable(within 
10%) due to small collimator aperture (1mm) as 
compared with particle size(3.76mm)(Nikitidis et 
al(1994) )
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orifice as it is indicated by the large voidage increase in 
Fig.2.4, revealing an arch dome structure which is highly 
sheared resulting in a noticeable pore pressure gradient 
across the orifice.
2.2.2 Flow visualization and velocity measurement 
The first attempts for visualizing flow patterns within a 
discharging container were focused mainly on the direct 
observation of colour marked areas through the transparent 
walls of the container.
The fact that the information acquired was two dimensional 
and the determination of absolute magnitude of velocities 
was impossible since displacements and trajectories of the 
particles were hard to define, led most of the workers to 
the use of tracer particles introduced in the flow, which 
were either emitting electromagnetic radiation through the 
opaque material or were monitored by radiographic methods 
due to their density difference with the surrounding 
material.
The tracer size is another important aspect that has to be 
taken into account in tracer studies since it has to be 
equal or larger in size with the surrounding material for 
segregation not to occur. Otherwise if the tracer does not 
follow the bulk motion but segregates following its own 
trajectory, no reliable flow information should be expected. 
McCabe(1974) used a medical isotopic scanner to monitor the 
trajectories of specially designed tracers labelled with the 
radioactive isotope 198Au.
The experiments were carried out in cylindrical bunkers. 
Since tracers could only be detected when they were aligned
2 7
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Profile of linear mean solids fraction(LMSF) 
against height. A  large voidage increase can be 
detected close to the orifice(Nikitidis et 
al(1994))
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with the scanner collimator, an intermittent flow mode was 
used, otherwise it would prove impossible to monitor tracers 
in motion. By ensuring that the tracers did not have a
tendency to segregate in the bulk which consisted of sand 
granules, McCabe managed to produce trajectory recordings 
where a large number of useful conclusions could be made for 
the flow patterns.
Four different zones of flow were revealed(see Fig.2.5) and 
velocity seemed to be constant for all horizontal positions 
above the level where a crater was formed(plug flow region) 
whereas at regions below the crater level acceleration of
particles was detected together with a velocity profile 
where velocity magnitude seemed to be proportional to the 
radial distance from the centre of the silo(radial flow). A 
"free fall zone" where particles accelerate rapidly to the 
outlet was also referred to, stating at the same time the
inadequacy of the scanner to monitor such a fast particle
motion. The inclination angle of the stagnant zones formed 
were also calculated from the tracer trajectory recordings.
McCabe invented a method in the same work to measure 
directly plug flow velocity by using a metal disk suspended 
in the core material during filling. A fine steel wire was 
attached on the disk and ran through a flexible cable to the 
top of the silo. After initiation of flow, core velocity 
could be measured by observing the rate with which the wire 
was entering the flexible cable.
McCabe found good agreement between these results and the 
results obtained with the radioactive tracer as far as the 
core velocities were concerned. This technique could not, 
however, produce reliable results in the presence of
2 9
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Velocity profiles measured using radioactive 
tracers in sand.(reproduced from McCabe(1974))
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significant velocity gradients(e.g. converging flow section 
immediately above the orifice).
A radiographic method used by Bransby et al(1973) was able 
to record not only the positions and displacements of lead 
tracers introduced in the flow but at the same time to 
reveal any variation of the bulk density.
The experiments were carried out by filling perspex bunkers 
of half-angles of 45° (funnel flow) and 30° (mass flow) with 
sand. The lead particles (diameter l-3mm) were inserted in 
the fill forming an array along the mid-plane and exposures 
of the bed were taken at various stages of flow. An 
intermittent flow was used since a single exposure required 
several minutes for the 150kV X-ray tube used. Another 
restriction imposed in these experiments was that the 
maximum thickness of penetration through sand of the photons 
of this energy was limited to 150mm.
For the 45° bunker an arch-shaped pattern was revealed(see 
Fig.2.6) at the initiation of flow separating the dilated 
material near the outlet from the dense material elsewhere 
in the bunker. A V-shaped free surface of the material could 
also be detected after a period of flow, accompanied by an 
increase of the arch-shaped region as the flow was 
proceeding, spanning towards the walls of the bunker where 
stagnant zones were formed separating the stationary from 
the moving material and extending almost to the top 
surface(see Fig.2.6). This sort of voidage information was 
not available with the emission method used by McCabe(1974).
Larger displacements of particles closer to the centre of 
the bunker were observed by overlapping radiographs taken at 
successive time periods, increasing considerably towards the
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Fig.2.6 Exposed radiograph of the mass flow of sand in a
2D bunker. The position of the lead tracers
inserted in the flow are shown for two consequtive
exposures together with the density variations of 
the sand bed (reproduced from Bransby et al 
(1973)).
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outlet. Radial behaviour of the velocity profiles in the 
converging region of flow was also observed.
However, the situation was different for the mass flow 
bunker where it was observed that rupture zones of dilated 
material were formed near the corners of the transition 
line, moving downwards with the material. New rupture zones 
were formed later establishing in this way a cyclic process. 
A possible reason of the formation of these zones could be 
the rather dense packing of the bed, over-consolidated due 
to the introduction of the lead tracers.
Other investigations of mass flow in bunkers were conducted 
by Bransby and Blair-Fish(1975) by using the same 
radiographic method. The same rupture zones were reported 
but though experiments with loosely filled bunkers were also 
carried out, no comments were provided as to any likely 
differences in the nature of the rupture zones formed.
The development of a device making use of the emission of 
radio signals to determine simultaneously velocity and 
stress profiles within mass flow bunkers has been ^reported 
by Perry et al(1975).
A miniaturized radio-pill encased in a perspex cylinder(25mm 
long X 8.8mm diameter) emitting radio signals at a base 
frequency of 400kHz was constructed. The radio signals were 
picked up by fifteen directionally sensitive aerials which 
consist simply of single horizontal loops attached to the 
outside of the bunker at various heights and recorded by the 
appropriate electronics. At one end of the radio-pill .a 
pressure transducer was built, allowing the pill to detect 
at the same time pressure (stress) changes in the bulk, by 
simply altering the frequency of emission.
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Although there was reliable measurement of the vertical 
displacement when the pressure measurements were taking 
place at the same time, the measurement of the horizontal 
displacement was uncertain. This was due to the fact that 
there was no constant frequency signal to be picked up 
sufficiently by the aerials since the frequency was changing 
relatively to the pressure changes and the signal was 
attenuated before reaching the aerials. Therefore, a plastic 
cap was required to cover the pressure sensitive end when 
both horizontal and vertical displacements were required. 
The maximum thickness of material required for the signal to 
emerge with a proper strength was 150mm.
The above technique was applied by Perry et al(1976) to the 
study of velocity distributions of granular solids from mass 
flow bunkers. The experiments were carried out on a 20° half 
angle bunker filled with sand and the pill monitoring was 
performed during continuous flow.
The residence time of the pill at various regions was found 
independent of the radial position in the bin section(plug 
flow) evaluating the findings reported by all previous 
workers who had used different types of tracer techniques. 
Flow in the hopper section showed dependency on the radial 
position being faster at the centre and slower closer to the 
walls, with a tendency to increase towards the outlet.
A velocity discontinuity was also shown to exist in the 
central core where fast moving material accelerates rapidly 
towards the orifice. This finding is in agreement with the 
earlier demonstration of the existence of the free fall zone 
by McCabe(1974). Comparison of the experimental data with 
theoretical calculations of radial velocity profiles did not 
show very good agreement due to the presence of the
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discontinuity separating a dilated central core of flow 
immediately above the hopper orifice.
Cleaver and Nedderman(1993) reported results of velocity 
profiles in mass flow conical hoppers of slow flowing 
granular material (kale seeds of 1.5mm in diameter and 
polypropylene granules of 3mm in diameter) by using a method 
based on the measurement of residence time of two different 
types of tracers(i.e. steel ball and ceramic tracer both of 
comparable size) within the bulk. Initial experiments showed 
that both tracers travel through the bulk material at the 
same rate and any differences observed should be mainly 
attributed to the free fall of the heavier tracer down the 
tube. The assumptions of both radial flow in the converging 
region as well as incompressibility of the flow were 
necessary to be made, so that velocities could be extracted 
from the regression of the experimental data to a straight 
line relating the residence time with the cube of the radial 
distance as a result of the above assumptions.
The above technique compared with the technique used by 
Perry and co-workers is cheaper in terms of implementation 
but lacks in terms of reliability since certain assumptions 
about the particle trajectories should be made which could 
result to overpredictions of velocity.
Seville et al(1995) used the PEPT technique which has been 
described earlier in this Chapter, to follow a single tracer 
participating in the mass flow of rape seeds within a hopper 
with a half-angle of 31°. A silica particle (1.5mm in 
diameter) had been irradiated to produce a positron emitter 
of 18F.
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Single tracers could be followed one at a time with this 
technique and therefore the discharge event had to be 
repeated 51 times with the tracer particles placed at 
varying positions within the bulk, so that a reasonable 
statistical average could be obtained, representative of the 
bulk behaviour.
Similar results to Perry et al(1976) were reported as far as 
the significant acceleration of particles as they approach 
the hopper orifice is concerned. Velocity was found 
independent of radial position in the cylindrical section of 
the silo where in the conical section results indicated a 
strongly converging flow. No information about the velocity 
discontinuity at the central core was given, while the 
experimental data for velocity magnitude were correlated 
with the kinematic model [Tiizun and Nedderman (1979)] 
resulting in the calculation of the values of the kinematic 
constant increasing by a factor of two from the orifice to 
the top of the cone. As variations in local values of 
voidage can significantly alter the magnitude of the 
kinematic constant[Nedderman (1995)] it is not possible to 
comment here conclusively whether the disagreement between 
theory and experiment is due to the shape of the particle 
trajectories or due to the voidage variations accompanying 
bulk flow. No interstitial voidage measurements could be 
provided by the PEPT technique used by Seville et al(1995).
Unlike the previously mentioned techniques, PEPT allows for 
both the visualization of the flow field and the accurate 
determination of the velocity magnitude. It can be 
considered together with the work of McCabe (1974) as two of 
the very few direct measurement techniques of individual 
particle velocities.
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One of the major drawbacks of the technique is that it can 
follow only one tracer at a time and therefore filling and 
discharge has to be repeated many times so that
statistically averaged results can be produced to 
characterize the bulk. However, it is not possible to ensure 
identical static fills especially when experimenting with 
particle mixtures.
2.3 Summary of primary issues in measurements of 3D 
granular systems
In the preceding sections, several different measurement 
techniques have been described, as applied to various types 
of particulate systems in different modes of flow
experiments.
The aim of this section is to highlight the main
requirements that a non-invasive imaging technique should 
meet if it is to be applied to the study of flow of mono­
sized and binary granular mixtures from hoppers. It is 
essential to note also that it would prove very useful if 
both voidage and velocity measurements could be obtained 
within the same experiment.
The scale of the equipment mainly used in the experiments 
concerns model cylindrical hoppers with a maximum diameter 
up to 22 0mm., a size which is considered to be one of the 
largest that has been ever used in these types of
experiments by using any of the previously mentioned non- 
invasive techniques. The large size of the containers is a 
subsequent of the highly penetrating power of the gamma-ray 
photons for the range of material densities commonly used in 
the experiments.(i.e.maximum material density can be up to 4 
times the water density).
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One of the main factors someone has to consider for these 
types of experiments is the temporal resolution of the 
scanning device and to what extent is this important for 
carrying out reliable measurements of dynamic events.
In the case of flow under steady state conditions temporal 
resolution is not so important since measurements can be 
averaged over long time intervals without any significant 
information being lost. However, in the case of batch 
discharge where different stages of flow (i.e. initial or 
final transient) occur, a really fast acquisition rate is 
required to gather information of rapidly changing events 
like the ones that are created during these stages of flow. 
An alternative way to gather this information is to sample 
linear scan data in snap-shots (i.e. over short times) which 
allows acquisition of high photon counts resulting in high 
precision statistics.
In modelling granular flows, the continuity criterion 
requires that both the temporal and spatial variation of 
density which is related to voidage and velocity should be 
determined at the same time for a particular system under 
certain conditions of flow so that reliable solutions could 
be extracted, independent of assumptions of
incompressibility and steady state conditions which actually 
simplify the solutions but result to overpredictions of the 
flow rates.
Therefore, a technique capable of producing simultaneous 
measurements of voidage and velocity is necessary. As it can 
be seen from the review of all measurement techniques used 
in the case of 3D granular systems some of them can only 
measure voidage whereas other techniques can provide us 
information only for velocity profiles but none of the
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techniques (except NMR which however is difficult to be used 
in the study of dry granular systems) could measure voidage 
and velocity within the same experiment.
The aim of this thesis is to demonstrate the applicability 
of various measurement techniques based on gamma ray 
attenuation in the case of 3D granular flows and the ability 
of these techniques to perform not only voidage measurements 
which can be evaluated by theoretical predictions(see 
Chapter 6) but at the same time to provide us with flow rate 
information (see Chapters 7&8).
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J-ray attenuation 
measurement techniques
Chapter 3 y-ra y attenuation measurement techniques
3.1 Radiological properties of granular materials
The attenuation of gamma ray photons through a material 
depends on its elemental composition, the physical density 
and the photon energy. The main interactions contributing to 
the attenuation of gamma rays are the photoelectric effect, 
Compton scattering (incoherent), Rayleigh scattering 
(coherent) and pair production depending on photon energy.
A brief description of all the above attenuation mechanisms 
will be given although for the photon energies of 44keV and 
lOOkeV of 153Gd and for the range of materials that are 
commonly used in our • experiments, only photoelectric 
absorption and incoherent scattering can be considered as 
significant and contribute to the total attenuation 
coefficient, since coherent scattering is negligible 
compared to incoherent scattering for the particular 
energies and pair production only takes place for energies 
over 1.022MeV.
3.1.1 Photoelectric Absorption
In photoelectric absorption an incident photon is absorbed 
by a bound electron which is ejected from its shell having a 
kinetic energy of
Epa = hv - Be (3.1)
where hv is the photon energy and Be is the binding energy
of the ejected electron. The shell vacancy is filled by 
electrons of the outer shells accompanied by the emission of 
characteristic X-rays and Auger electrons. 80% of the 
photoelectric absorption takes place with electrons of the 
K-shell. The probability of a photoelectric interaction is
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described by the atomic cross section aT and can be written 
in the form
(hv)1
Z1aT = const -— —  (3.2)
where Z is the atomic number and n, m are non-integral 
values and are each functions of the incident photon energy. 
In the energy region of interest Eq.(3.2) can be written
Z4,T = const   (3.3)
(hv)3
where n varies between 4.0-4.6 for fixed energies between 
0.lMeV-3MeV and m varies between 1.0-3.0. For low Z 
materials the atomic cross section is proportional to higher 
power of hv (Eq.3.3) whereas for higher Z materials it is 
proportional to lower power of hv. Photoelectric absorption 
is generally predominant at low energies up to 80keV for low 
Z materials, and also at energies up to lMeV for higher Z 
materials as it can be seen in Fig.3.1.
3.1.2 Compton (incoherent) scattering
Compton or incoherent scattering concerns the scattering of 
a photon with incident energy hv by a free electron through 
an angle 8 and the simultaneous recoil of the electron at an 
angle (]) with a kinetic energy Einc. The paths of both the 
incident and the scattered photon together with the recoil 
electron lie in the same plane. The energy of the scattered 
photon is given by
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where a =  — .
m 0 c
The probability of Compton collision for photon energies 
compared to the rest mass energy of the electron (i.e. 
511keV)is given by the Klein-Nishina formula and is called 
electron collision cross section e°inc which is independent
of the atomic number since it has been assumed that 
collision occurs with free electrons (e.g. very high 
incident photon energy compared with electron binding 
energy) and decreases monotonically with increasing energy.
The atomic cross section for Compton scattering is then 
given by
a ° i n c - a a lncZ  ( 3 - 5 )
Compton scattering is predominant for low atomic number 
materials (e.g Z being around 15) and energies over 80keV as 
can be seen in Fig.3.1. It has to be also noted that Compton 
scattering is focused further forwards as the energy of the 
incident photons increases.
3.1.3 Pair Production and Rayleigh (coherent) scattering 
In the presence of the strong electric field of the nucleus, 
photons with energies 1.022MeV are totally absorbed and from 
their annihilation an electron-positron pair is produced. 
The threshold for this interaction is 1.022MeV which is the 
sum of the rest mass energies of the two generated 
particles. If there is an excess of energy it will be given 
to them in the form of kinetic energy according to the 
equation
hv = (E_ -F m Qc2) + (E+ + m Qc2) (3.6)
4 4
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where E_ and E+ are the kinetic energies of the two 
particles. The differential cross section for pair 
production d(aK) is given by
<JnZ2Pd(aK) =   2- r dE+ (3.7)hv — 2m„c
1 e2where G n = ---------(-----)2 = 5.80 X 10-32 m2/electron and P is a137 m oc
dimensionless quantity which is a complicated function of hv 
and Z.
Finally Rayleigh or coherent scattering is the interaction 
of photons with bound electrons of the atom. The scattered 
radiation is of the same length with the incident so there 
is no transfer of energy. Coherent scattering cross section
a^coh maY be significant in large atomic number elements
with energies below lOOkeV but it is negligible in
comparison with Compton scattering for low Z materials and
high photon energies.
3.1.4 Total attenuation coefficient-Mixture Rule 
The total attenuation occurring during the passage of the
gamma-rays through the bed of granular materials used in our
experiments is derived from the summation of the 
contributions of both the photoelectric and Compton 
scattering interactions and is expressed neglecting Rayleigh 
scattering by the quantity
V- = N„(aa ln+T) (3.8)
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which is called the total linear attenuation coefficient 
( 1  . a . c . )  .
The cross sections of the interactions in Eq. (3.8) are 
expressed per atom and therefore if we want to calculate the 
linear attenuation coefficient of a volume of material then 
Eq.{3.8) can be written as
V- = P-rMa°inc+aD (3-9)
where p is the physical density, N0 is the Avogadro number 
and A is the atomic mass. It can be seen that the l.a.c. 
depends on the density of the material and for this reason 
the mass attenuation coefficient (m.a.c.) p/p is introduced 
which is independent of the physical state(e.g. liquid, 
solid or gas) of the material.
The m.a.c. of a compound consisting of N elements each one 
present in a fraction by weight (b.w.) Wj in the compound is 
given by the Mixture Rule [Kouris et al(1982)]
U  N%com = (Hoorn = X  (3.10)
P f t
The characterisation of a compound in terms of its response 
to ionizing radiation is much more complicated than it is 
for the case of single elements. The degree of attenuation 
of the radiation at various energies for the compound is 
represented by a quantity called the "effective" atomic
number Z which is calculated from the individual atomic
numbers of the elements and their weight fraction in the
mixture. The mixture rule cannot be applied close to 
absorption edges(i.e where the energy of the incident photon 
is similar to the binding energy of the electrons) since the 
interaction cross-section for the photolelectric effect can be 
altered significantly by the molecular bonds present in a 
compound and the mixture rule ignores the effects from the 
chemical environmnent [Kouris et al(1982)].
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3.1.5 Attenuation measurements in granular systems
The attenuation of a primary beam of photons as it passes
through a material of thickness 1 is described by Beer's law
I = I0e"^ (3.11)
where |l is the l.a.c. of the material.
As can be seen from Eq. (3.11) the amount of radiation not 
absorbed in the material depends on the l.a.c and on the 
thickness being traversed by the beam. The l.a.c of a 
compound with an effective atomic number within the region 
between 10 to 15 and at the energy levels of 44keV and 
lOOkeV where all our measurements are made, is based totally 
on the photoelectric interaction for the energy of 44keV and 
to both photoelectric and Compton scattering for the case of 
lOOkeV with the Compton interaction becoming predominant 
mechanism of attenuation of the beam as can be seen in Table 
3.1. Most of the granular systems used in our experiments 
can be modelled as systems consisting of a matrix (gas or 
liquid) and one (mono-disperse) or two (poly-disperse) solid 
components embedded in this matrix where their effective 
atomic number falls within the above mentioned region.
Element aT (barns/atom) 
(44keV)
at
(lOOkeV)
a^ inc (Earns /atom) 
(44keV)
aOinc
(lOOkeV)
Al (Z=13) 11. 6 0.825 6.71 6.22
P (Z = 15) 22.0 1. 60 7.63 7.14
Table 3.1 Photoelectric and Compton scattering cross-sections at 44keV 
and lOOkeV for elements of different atomic number Z
Contrast differentiation between the components and the 
matrix as well as between the components themselves depends 
upon the fractional difference between their attenuation
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coefficients. A difference of 10-15% will provide a minimum 
safe threshold for discriminating between the individual 
species of the mixture.
The materials that are mainly used in our experiments in 
relation with the energy levels of the photon beam provide 
the minimum threshold of 10-15% mentioned above to perform 
accurate measurements for the quantification of each of the 
individual components. The reason for this is that even 
components with very small density differences (5-10%) can 
be discriminated if they appear to have a difference in 
their atomic number since the fourth power of this 
difference is related to the photoelectric interaction cross 
section as shown by Eq.(3.3). Table 3.2 contains a list of 
materials together with their l.a.c. values at both energy 
levels available from 153Gd which is used in our experiments 
and their solid densities.
Materials l.a.c. ( cm-1) 
(44keV)
l.a.c. ( cm-1) 
(lOOkeV)
Dens i ty (gr / cm3)
ABS 0.220 0.165 1. 020
Turnip seeds 0.280 0.185 1.090
Mustard seeds 0.285 0.190 1.180
Radish seeds 0.280 0.190 1.100
Acrylic 0 .240 0.170 1.100
Table 3.2 Linear attenuation coefficients for various types of
particles at energies of 44keV and lOOkeV
As can be seen from Table 3.2 materials of different 
elemental composition (different effective atomic number) 
but similar densities like ABS and most types of the seeds 
show a large difference in their attenuation properties at 
44keV where photoelectric effect is predominant whereas the 
difference at the level of lOOkeV becomes smaller due the
4 8
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fact that Compton scattering takes over at this energy level 
and l.a.c. starts to become a function of density, but this 
difference is still large enough to provide the necessary 
contrast for distinguishing between different species.
Materials with similar elemental composition like ABS and 
acrylic particles (both being polymeric materials) and 
similar densities show smaller differences at both energy 
levels and they do not offer the best selection to be used 
for dual photon measurements.
Mixtures consisting of components of similar densities and 
similar atomic number can still be determined by simply 
adding a contrast agent in the system which actually changes 
the elemental composition of one of the components(e.g. 
water) thus providing a measurable difference in the 
attenuation coefficients. The measured contrast in-a mixture 
of two components can be given by
where I]_ and I2 are the transmitted intensities for the
system with one and two components present respectively. The 
error in the measurement is given by
3.2 Computerised Tomography
Transmission gamma-ray tomography is a 3-D imaging technique 
allowing the determination of the attenuation at any point 
across any selected slice of an object. This technique is 
used for the study of a gas or liquid based granular system
C (3.12)
e r
X 1 —  I 2
(3.13)
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when visual information is required for the detection of 
individual grain boundaries or for the quantification of the 
distribution of each of the components in 3-D space.
A significant amount of time compared with the dynamic scale 
of flow of the granular systems is required for the 
acquisition of each tomographic slice and therefore the 
slices produced contain averaged flow information over the 
total scan time.
As can be seen from Fig.3.2 the attenuation of a photon beam 
when passing through an object with a l.a.c plane spatial 
distribution given by p(x,y) can be expressed in a more 
generalized form
I  ?F = - I n —  = |±(x, y)ds (3.14)
I «°  A
The line integral in Eq. (3.14) is called the raysum and 
gives the integrated amount of radiation removed from the 
primary beam due to the spatial variation of the attenuation 
coefficient.
Depth information (attenuation coefficient at any point) can 
only be extracted by a set of projections at various angles 
each one containing the appropriate number of raysums for 
the required spatial resolution. The data acquisition is 
completed by the rotation of the scanner head at appropriate 
angular steps over 180° where at the same time a 
translational or rotational movement of the head (the type 
of movement depends on scanner geometry) at each angular 
position provides the necessary raysums for the adequate
50
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X
An object is sampled by a number of raysums, each 
one giving the amount of radiation removed from 
the primary beam
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spatial sampling of the object. By feeding the projection 
data to various mathematical algorithms available for image 
reconstruction from projections [see Newton and Potts
(1981)], an array of l.a.c. values is extracted representing 
the variation of attenuation throughout the selected cross- 
section of the scanned object.
The quality of the reconstructed data and consequently of 
the image in terms of spatial resolution and noise depends 
to a large extent on the number of projections, the number 
of raysums per projection and the slice thickness which in 
itself is mainly connected with the measurement statistics.
The reconstructed attenuation coefficients are usually 
referred to in tomography in terms of their fractional 
difference from the attenuation coefficient of water(or a 
reference material) through the so called CT numbers
q i j i    L ^ re c _______ w a t e r  ^  15)
w a t e r
where L is the accuracy with which these differences can be 
measured and usually is 1000 for medical scanners.
An image can be obtained from the reconstructed values of 
the l.a.c. so that visual information about the cross- 
sectional variation of the attenuation is available, if a 
grey scale is assigned to the array of the CT numbers so 
that each grey level is calibrated against each level of 
attenuation. The higher the number of the grey levels 
assigned, the better is the visualisation of a certain 
contrast obtained with the scan. The number of pixels 
(picture elements) necessary to represent the acquired 
information adequately depends on the object size and the
5 2
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spatial resolution as will be shown in Chapter 4(Eq. 4.2).
Due to the finite slice thickness, l.a.c. information in the 
image is contained within 3D elements called voxels (volume 
elements) with dimensions h X h X v where h,v are the 
horizontal and vertical acquired spatial resolutions.
Further to the qualitative information available, additional 
quantitative information can also be extracted from the 
reconstructed data regarding solids fraction profiles both 
in linear and radial directions selected in the object.
The time required for completing a full tomographic scan 
mainly depends on the source strength, number of raysums and 
number of projections for a given object and a given energy 
and it can always be optimized in respect to the 
requirements for spatial resolution.
3.3 Single Profile Absorptiometry
Full tomographic imaging can easily be used to study events 
taking place under steady state conditions where averaged 
information over a considerable amount of time would not 
result in the loss of significant information(e.g . scans at 
the plug flow region of hoppers).
However, in cases where fast response of a measuring system 
is required (e.g. study of flow close to the hopper outlet 
where particles are known to accelerate significantly) 
single profile absorptiometry can serve as an alternative 
technique to full tomographic imaging since scan times of 
the order of a second can be achieved. The data acquisition 
procedure is performed by keeping the scanner head fixed at 
a certain angular position and perform the sampling of the 
object in exactly the same way as in the case of the full 
tomographic imaging. Therefore, the total scan time is 
significantly reduced by excluding the rotational procedure,
5 3
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but the acquired data expresses the integrated attenuation 
of the beam along the selected lines of scan as seen in 
Eq.(3.14). The solids fractions values extracted by this 
procedure refer to the total amount of solids contained 
within the volume defined by the beam. Radial information is 
also available from the linear data as will be explained in 
the next section of this Chapter.
The system has to be calibrated against known packings 
formed by the particles under consideration and a 
calibration constant is extracted which is characteristic of 
the particles and the surrounding matrix and does not depend 
on hopper geometry. Details of calibration are included in 
Chapter 5.
3.4 Radial transformation of line profiles
The raw data obtained with the previously described 
absorptiometric technique can be transformed into a radial 
form as illustrated in Fig.3.3. The mathematical transform 
assumes the particle assembly is axially symmetric. Then the 
general form of the transformation is given in the form of 
an indefinite integral
where G(r) is the radial density function and G(y) is the 
linear density function. With R being the radius of the 
hopper section Eq.(3.16) can be rewritten as a definite 
integral
G(y) = J G(r)dy (3.16)
R G(r)rdr
G(y) =  2 J ( 3 . 1 7 )
y
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Fig.3.3 Coordinate system used for the transformation of 
the linear solids fraction profiles to radial 
solids fraction profiles
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and the solution to this equation is
R G (y)dy
G(r) = - ( % ) / / 2 2x1/2(y - r ) (3.18)
r
where r<y<R since linear data are averaged within annuli 
defined by diameters r and R to give the radial density 
function at position r. Eq. (3.18) is also known as the Abel 
transform. By using the single profile absorptiometry 
technique coupled with the radial transformation, very fast 
scan times can be achieved and at the same time a two way 
representation of the system can be obtained, one in terms 
of Cartesian coordinates and another in polar coordinates 
revealing axial symmetry of the system in respect to the 
centre. This technique is used for the study of both gas and 
liquid based mono-disperse systems.
3.5 Dual Photon Technique
Quite clearly , the detection of particle tracers with solid 
density almost identical to the surrounding bulk requires 
more than the application of a solely densitometric 
technique as the one described earlier. Yet, it is the 
ability to detect species of identical density which 
facilitates measurements of velocity within the particulate 
phase.
The individual components of a binary mixture can be 
determined by using the technique of dual photon tomography 
which is based on the principle that the attenuation 
coefficient of a substance at low energies depends primarily 
on the elemental composition(i.e. effective atomic number) 
and therefore materials with different elemental composition 
but almost equal densities can be distinguished by scanning
5 6
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them with gamma-ray energies lower than lOOkeV [Kouris et al
(1982)] .
In the dual photon technique there are two linear 
attenuation coefficients measured for each location, each 
one representing a mean value of the attenuation of the 
three phases present in the particular location according to 
their volume fraction at the particular energy level. 
Applying the mixture rule (Eq.3.10) for an air or liquid 
borne binary granular system (Fig.3.4) and bearing in mind 
that %j=|Xj /p j  and ( W j / p j) p = £ j  where £ j  is the volume fraction of 
component j and p is the density of the mixture results in;
The presence of the third phase in the system makes the 
determination of the solid concentrations impossible unless 
the third phase (fluid phase) distribution is uniform 
through out the system[Goodwin (1987)]. However, this is not 
valid for poly-disperse granular systems where both the 
solids and the fluid concentrations vary randomly in any 
given position. Therefore a third equation must be added to 
the system of equations (3.19). For flow within a container 
of fixed volume, the third equation is provided readily by 
the conservation of total volume. Hence a system of three 
equations with three unknowns results;
(3.19)
( 3 . 2 0 )
e a  +  8 b  +  £ c =  1
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A  B C
Fig.3.4 All phases of an air/liquid based binary mixture 
operating under a fixed volume can be determined 
at the same time using Dual Photon Measurements
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where £A ,eB ,£c are the volume fractions occupied by each 
component in the examined volume and |LX? (j=low,high i=A,B,C) 
are the linear attenuation coefficients for each component 
of the mixture at each one of the two energies. The above 
equations are solved simultaneously, either within each 
pixel from the reconstructed l.a.c. when full tomographic 
imaging is employed or within lines of scan similar to those 
obtained by the absorptiometric technique, from the 
integrated value of the l.a.c. measured [Tiizun et al 
(1995) ]  .
5 9
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Chapter 4 Design o f  a fan beam tomographic scanner
4.1 Parallel beam scanner
A gamma-ray tomographic scanner with a parallel beam 
arrangement was set up in the Department of Chemical and 
Process Engineering of Surrey University in 1990 with 
collaboration with the Department of Physics of the same 
University and SMIS Ltd, Surrey Research Park, Guildford,UK.
A schematic diagram of the parallel beam scanner is shown in 
Fig. 4.1 and a photograph (Fig.A.l) can be found in Appendix 
A. The parallel beam scanner has been used in experiments 
with mono-sized and binary mixtures of materials of the same 
elemental composition [Hosseini-Ashrafi and Tiizun (1993a)} 
and in absorptiometric experiments with liquid/solid 
mixtures of nearly buoyant particles [Nikitidis et al 
(1994)] .
It employs a scanner head consisting of six 153Gd sources 
emitting gamma photons at energies of 44keV and lOOkeV and 
six collimated Csl scintillation detectors arranged in a 
parallel geometry as can be seen in Fig. 4.1. 153Gd has a half 
life of 241 days and high specific activity which provides 
high photon fluxes for the minimum source size. Each scan is 
taken by translating the scanner head in small steps of 1mm 
or 2mm laterally in order to sample the object adequately 
and then rotating by 1.5° to make another translation. The 
scan finishes after completing a rotation of 180°.
The scanner can also be locked at a particular angular 
position and by translating along the object, a profile of 
the attenuation of the beam passing through the object can 
be obtained. This mode of operation is used in the 
absorptiometric measurements.
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Key: 1.Tomographic scanner
2.Vibration-free table mount
3.Model hopper
4.Motorised vertical positioner
5.Model hopper support structure
Fig. 4.1 (i) The parallel beam scanner (ii) Geometrical
arrangement of sources-detectors
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The collimators of the parallel beam scanner are made of 
tungsten and fitted with apertures of either 1mm or 2mm 
wide. The aperture width is chosen to match the translation 
step size of the scanner head as described above. This to a 
large extent defines the final resolution of the image.
Collimator horizontal aperture width is responsible for the 
size of the scanning beam in the horizontal direction where 
the vertical aperture width is responsible for the vertical 
size of the beam. The horizontal size of the beam is mainly 
responsible for the acquired plane resolution of the image 
whereas the vertical size of the beam governs the vertical 
resolution which is the slice thickness of the acquired 
slice.
Slices of 3mm thickness are obtained with this scanner(e.g 
3mm is the vertical length of the collimator aperture) 
allowing good precision in our measurements for reasonably 
low scan times and therefore each acquired slice consists of 
a number of voxels (volume elements) of size 3xlxlmm or 
3x2x2mm for 1mm and 2mm aperture widths respectively. The 
fastest total scan time to achieve a full tomographic image 
is 90sec with the 2mm aperture width where scan times of the 
order of a few seconds (e.g.<5s) can be achieved by using 
the absorptiometric mode of operation.
The maximum object diameter that can fit in the radiation 
field of the scanner is 150mm and the object can travel 
vertically with different speeds and in different steps so 
that any section of it can be brought in front of the 
detectors.
Images are reconstructed using the popular filtered-back- 
projection algorithm and there are several digital filters
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available for the reconstruction. A more detailed 
description of this algorithm will follow in the next 
sections of this Chapter. Several purpose-built hardware is 
available for this scanner like DSP processors for 
accelerating image reconstruction calculations and image 
processing cards for displaying and performing various tasks 
to the images (e.g. grey level thresholding, image 
sharpening, image region defining etc).
4.2 A fan beam scanner for simultaneous measurement of 
voidage and phase velocities
However, the parallel beam scanner described in the previous 
section has not been configured properly for dual photon 
measurements both in terms of hardware and software, and a 
major upgrade should be required in order to be able to 
carry out such experiments. Furthermore, parameters of 
scan(e.g. collimator width, number of projections, maximum 
object diameter fit in the radiation field of view) were 
fixed at certain values for both hardware and software 
components and therefore a more flexible design allowing 
optimisation of these parameters for different types of 
experimental setups was required. The reduction of scan 
times was also considered as an essential factor for a new 
design and finally, the cost of replacing six 153Gd every two 
years proved to be very expensive so that a geomerty 
employing smaller number of sources was required without at 
the same time loosing in terms of spatial resolution and 
scan times.
Therefore, a new tomographic scanner has been constructed 
especially for the work presented in this thesis where a 
single source and an array of eighteen detectors placed in 
an arc form a fan beam geometrical arrangement as can be 
seen in Fig.4.2 and in the photograph(Fig.A .2) in Appendix
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Fig. 4.2 The fan beam scanner (A) Motor stage for scanner 
head rotation (B) Motor stage for detector 
array rotation (C) Collimated source (D) 
Collimated detectors (E)Object
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A. The control panel with all electronics and computer 
hardware can be seen in the same Appendix (Fig.A.3).
Design, software development and calibration of the fan beam 
scanner have been entirely carried out by the author of this 
thesis within the Department of Chemical & Process 
Engineering whereas manufacturing of electronic and 
mechanical hardware has been carried out by the Electrical 
and Electronics Workshop as well as the Mechanical Workshop 
of the same Department. The scanner construction was 
completed within a period of 2 years.
The scanner head is able to rotate and the same happens with 
the array of the detectors which rotates with respect to the 
source so that an infill of the empty space left between the 
detectors can be achieved. The operation of the new scanner 
takes full advantage of the two different photon energy 
levels that 153Gd emits and therefore can be used for 
measurements in binary mixtures. The main parts of hardware 
and software of the novel fan beam tomographic scanner are 
described in full detail in the following sections.
4.2.1 Hardware Design-Geometrical arrangement
A 153Gd source enclosed in a tungsten collimator is used for 
the scanner and a fan beam of an opening of 40° in the 
horizontal direction and 4° in the vertical direction is 
produced.
Dimensions concerning the main parts of the geometrical 
arrangement of the scanner can be seen in Table 4.1.
The useful fan beam angle is the angle defined by the source 
and the first and last detector of the array.
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Source-Detector collimator distance 500mm
Collimated fan beam angle 40°
Field of view (Useful fan beam angle) 32°
Maximum object diameter to be scanned 220mm
Collimator aperture width (horizontal) 2mm
Collimator aperture width (vertical) 5mm
Collimator block length 45mm
Scintillation detector crystal length 24.5mm
Scintillation detector crystal diameter 10 mm
Table 4.1 List of design parameters of the fan beam scanner
Collimator length has been calculated so that scattered 
photons are to be rejected by the collimation. The volume of 
the cylindrical crystal of the detector has been optimised 
so that the maximum stopping power for the beam can be 
achieved (=99%) but at the same time the size of the system 
is kept to a minimum.
Due to the divergent nature of the fan beam the plane and 
vertical resolution are not constant throughout the object 
but are scaled according to the magnification factor Mx=x/L 
of the beam where x is the distance from the source and L is 
the source-detector collimator distance. Therefore, the size 
of the voxels is variable increasing towards the detector 
side. This is in contrast to the parallel beam scanner 
discussed earlier in section 4.1.
The detectors are placed in an arc with an angular 
separation between them of 1.84° as can be seen in Fig. 4.3. 
The scanning beam assigned to each of the detectors has an 
angular opening of tan-1 (2/500)=0.23° and therefore it is 
necessary for each detector to fill in the space separating 
it from the adjacent detector by moving (1. 84°/0 . 23°) =8 times 
in a circular path with centre of rotation being at the
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Source
Fig. 4.3 The infill procedure. Detectors are moving
circularly in respect to the source in order to 
sample the empty space between them.
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source position. Therefore, 18x8=144 raysums are acquired 
per projection. This movement is equivalent to a linear 
translation of 2mm (one detector aperture) at the detector 
side which is enough to satisfy sampling requirements.
The scanner head moves in small angular steps until it 
completes a full 180° rotation. The size of each of these 
angular steps depends on the number of projections required 
for a desired resolution which is given by
■*T ■ No of pixels , ANo of projections = -------------  (4.1)No of raysums
where
, d  2 
TO X (— )2
No of pixels = ----- —  (4.2)
r s
It is assumed that the object is circular with a diameter d 
and that the image plane is divided into square pixels of
size rs equal to the desired resolution. As can be seen from
Eq.(4.1)&(4.2) the number of projections for a particular 
resolution depends upon the object size. Therefore, the 
number of projections can be optimised every time according 
to the nature of each experiment e.g. if fast scan times are 
required and resolution is not important then very few
projections need be obtained or if high spatial definition 
images are required then long scan times are required due to 
the increased number of projections.
For example, an object of 150mm in diameter which is
frequently used in our experiments can be sampled by 
rotating the scanner (n x752)/ ( 12x 144)=123 times for acquiring 
1mm resolution in the final image with the scanner head
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rotating in steps of 180°/123 = 1.46°. The minimum total scan 
time for an image to be obtained is infills times shortest 
counting time times no of projections = 8X0.1X123=98.4s
where the shortest scan time is 0.1s as it will be explained 
later in this section. For coarser resolutions a smaller 
number of projections can be obtained so that the total scan 
time becomes shorter but not less than 30s. The fan beam 
scanner is also able to perform single profile 
absorptiometric measurements and the scan time of a single 
profile can be as short as Is.
4.2.2 Hardware Design-Electronics
The main parts of the electronics hardware of the fan beam 
scanner which can be seen also in Fig.4.2 are the following:
i. Scintillation crystal (CsI(Tl))
ii. Photomultiplier Tube (PMT)
iii. Preamplifiers
iv. Amplifiers
v. Single Channel Analysers (SCA)
vi. Counters
vii. Count registration in PC
The following is an account of the usual track of a single 
photon commencing at the time it reaches the scintillation 
crystal:
As the photon is stopped in the crystal, excitation takes 
place which finally is given out as a de-excitation energy 
of light photons picked up by the photocathode of the PMT. A 
number of electrons are emitted by the photocathode as a 
result of the light photons and their number is multiplied 
as they fall onto a number of dynodes (ten in the PMT used
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in the fan beam scanner) which are biased with a high 
voltage (1000V is applied to the PMT).
Therefore, a short pulse is produced at the PMT having an
amplitude linearly proportional to the energy of the photon 
that has been deposited in the crystal. Since this pulse is 
very small in amplitude and long in duration a 
preamplification stage is required on the detector side 
which actually shapes the pulse by increasing its amplitude 
and shortening its duration. Without the preamplification
unit it will be impossible for the pulse to reach the main 
amplification unit as long cables (4-5m) are used to
transfer the signal and attenuation of the pulse would 
result.
During the main amplification unit the pulse is amplified to
reach values of amplitude between 1-4V and unwanted noise is
filtered out. The signals are fed afterwards to the single 
channel analysers (SCAs) where voltage windows (Fig.4.4)
have been preset so that pulses with amplitudes falling 
within these windows are registered as normal events whereas 
pulses with amplitudes falling outside these windows (e.g. 
scattered photons) are rejected. As normal events we
consider events that contribute to the full energy photopeak 
at the particular energy of interest as can be seen in
Fig.4.4. SCAs produce a positive pulse for every event 
registered and these pulses are counted and registered in 
the PC by four digital counter cards which can be programmed 
to count for time intervals greater than l/10s.
Motor stages provide smooth and accurate transition from one 
position to another with a resolution of 1/1000 of a degree. 
Counter cards can be set to count for very short time 
intervals (order of ms) but in our software the shortest
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Channel
Fig.4.4 Gamma-ray spectrum of the 153Gd radionuclide. Two 
full energy photopeaks can be seen corresponding 
to the energies of 44keV and lOOkeV
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counting interval is 0.1s since no statistically significant 
counts can be obtained with shorter scan times considering 
the source strength and densities of materials that are 
scanned.
4.2.3 Software Design
The software for the fan beam scanner has been developed by 
the author of this thesis using Microsoft C/C++ v.7.0
compiler and it is divided into two parts; the controlling 
software which is responsible for performing all necessary 
movements of the scanner head and data acquisition, and the 
imaging and data analysis software which is responsible for 
reconstructing the images and analysing the raw data (e.g. 
dual photon technique software, single photon absorptiometry 
software as well as various routines for extracting linear 
and radial solids fraction profiles from reconstructed 
images).
The main tasks of the controlling software is to perform the 
rotational movement of the scanner head and the infills of 
the detectors according to preset step values and at the 
same time to collect count rates for any preset time 
interval. Options are available for displaying status and 
count rates of detectors, status of the source as well as 
options for collecting air counts and absorptiometric 
profiles.
The main tasks of the data analysis software is to 
reconstruct grey level images from the acquired projection 
data and perform various image processing tasks on these as 
well as saving these under different formats to ensure 
portability at various computer platforms; quantify the 
concentrations of each of the individual components of a 
binary mixture by solving the system of equations (3.20) as
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well as extract the concentrations in mono-sized beds of 
particles by initially calibrating the system for different 
types of particles.
Imaging software
The reconstruction algorithms are divided into two major 
groups, analytical methods like filtered back-projection 
with various ways of filtering (convolution, Radon 
filtering) and Fourier transformation, and iterative ones 
like algebraic reconstruction (ART).
The most popular of all is the f iltered-convolution back- 
projection and is the one that has been used for 
reconstructing the images, implementing both direct 
reconstruction of the fan beam data set as well as 
rearrangement to an equivalent parallel set of data. All the 
routines used for reconstruction together with their main 
tasks are described below.
i. Input/Output The main task of these routines is to feed 
the projection data in the algorithm together with 
information concerning various scan parameters like source- 
detector distance and photon energy as well as a selection 
of filters to be used for the reconstruction. The output 
routines store reconstructed information (e.g. image or 
array of CT numbers) in files.
ii. Rebinning The fan beam data set is rearranged by using 
interpolation methods [Herman (1980)] so an equivalent set 
of parallel data (e.g. a set that would be obtained if a 
parallel geometry was used for acquisition) can be extracted 
and used by a convolution-backprojection algorithm suitable 
for parallel geometries. This stage can be overpassed by 
feeding the fan beam data set directly to an algorithm
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configured for treating data obtained with divergent beam 
geometries.
iii. Filtering An image carries information with frequencies 
less than or equal to kraax=l/2s where s is the spacing 
between adjacent raysums. The effect of filtering to the 
acquired data set is concentrated on the cancellation of the 
parts of each projection profile which contribute to a 
blurring effect (star effect) during the stage of back- 
projection (Fig.4.5) by adding some negative or some 
positive lobes at these points of each profile. Therefore, 
the consecutive angular profiles show strong cancellation in 
this region and strong build up in the rest of the profile. 
In a mathematical sense a filtering procedure is equivalent 
to the convolution of the raysums profile FY(x) at a given 
projection angle y with the filter function p(x')
p(x') = k2ax X [2 X sinc(2 X kmax X x') - sinc2(kmax X x')] (4.4)
is the Ramachandran-Lakshminarayanan filter [Ramachandran 
and Lakshminarayanan (1971)] which is among the filters 
implemented in the software. Other filters available for 
reconstruction in the software is the Bracewell filter 
[Bracewell and Riddle (1967)], the Shepp-Logan filter 
[{Shepp and Logan (1974)] the Hamming window and the cosine 
filter [Rowland (1979)] providing filtering of either high 
or low spatial frequencies.
(4.3)
where
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Impulse signal 
at nail position
“► □  Detector
n Signal
Firs! back projection
Scanner
fie ld
First back 
projection
F i g . 4 . 5  The convolution back-projection algorithm for 
image reconstruction.(A)Backprojection for one 
view (B)Backprojection for several views (C)Sum of 
the backprojections from individual views produces 
the final backprojection from the data, resulting 
to a star pattern. Filtering is necessary to 
remove this effect from the backprojected data
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iv. Centring Special routines have been developed to 
calculate the centre of rotation in the image plane in terms 
of ray number by applying a least-square fit to the measured 
raysums. The calculated value is used in the back-projection 
stage and by doing that any centring artifacts that might 
occur are eliminated or reduced significantly since the 
calculation of the centre is based on the measured raysums 
and therefore depends upon the system noise. Centring 
artifacts arise because the centre of the fan beam may go 
off the centre of rotation due to mechanical jitter during 
the infill procedure. The algorithm calculates the centre of 
rotation for both presence or absence of an offset. The 
measured raysums for the higher energy are used for this 
calculation as less noise is observed at that level.
v. Backprojection During this stage the filtered raysums are 
back-projected to an image array of MxM in size {M is the 
number of raysums per projection) by taking into account for 
each raysum weighting factors related to the amount of a 
certain ray passing through a particular pixel [Brooks and 
Di Chiro (1976)].
These weighting factors are a function of the rotation angle 
and the pixel co-ordinates so can be calculated and stored 
for continuous use. The final value for each pixel is the 
summation of the back-projected values of all the 
projections for the particular pixel. The data array can now 
be displayed using the CT numbers or can be used to extract 
quantitative information.
In the case of direct fan beam reconstruction a factor which 
takes into account the divergence of the beam is used so 
that filtered data are back-projected along lines in the
7 7
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image intersected to a point which is the source position 
[Herman (1980)].
vi. Image display A grey scale consisting of 256 grey levels 
is assigned to the range of reconstructed CT numbers and 
therefore a grey level image is produced where black 
represents the minimum level of attenuation in the image and 
white represents the maximum level of attenuation where all 
intermediate attenuation levels are represented by the rest 
of the grey levels.
vii. Data analysis A number of routines have also been 
developed to extract linear or radial solids fraction 
profiles along any selected line or radius in the image from 
the reconstructed CT numbers. Colour mapping of concentric 
annular regions in respect to their solids fraction values 
can also be displayed.
Dual Photon software
This software is used for calculating the solids fraction 
values of each of the individual components of a binary 
mixture by solving the system of equations (3.20). The 
values of the l.a.c. of the mixture at every position along 
the scan axis are calculated and fed into the program 
together with the l.a.c. measured for each of the components 
when each of them is present in the mixture by its own. The 
output consists of a set of solids fraction profiles for 
each of the two components as well as an equivalent set of 
mass fraction profiles if the solid densities of each of the 
components are inserted into the program.
Single profile absorptiometry software
The routines developed for this scanning mode are used for 
calculating the porosity of gas/liquid mono-sized beds of 
particles. Calibration against known solids fraction values
7 8
Chapter 4 Design o f  a fan beam tomographic scanner
is automatically performed for the type of particles to be 
used and parameters are stored to assist to the calculation 
of solids fraction values for the scanned mixture.
The radial transformation illustrated in Eq. (3.18) is also 
one of the tasks this type of software performs, producing 
radial solids fraction profiles for symmetrical positions in 
the hopper.
4.3 Comparison between the fan beam and the parallel beam 
scanner
The fan beam geometry employed for the construction of the 
tomographic scanner offers a number of advantages in terms 
of spatial and temporal resolution of the scans as well as a 
significant reduction in the total cost in terms of source 
replacement.
Furthermore, improved hardware has been used in the 
construction of the fan beam scanner like detectors of 
faster response and amplifiers incorporating several 
filtering functions to reduce inherent noise in the signals. 
Objects with maximum diameter of 220mm can be scanned 
whereas in the parallel beam scanner objects with a diameter 
up to 150mm can be covered by the radiation field of view.
Due to the magnification factor of the fan geometry spatial 
resolution is variable since the beam width changes as an 
object is placed at positions closer to the source (small 
objects and fine beam width of 0.5mm) to positions closer to 
detectors(larger objects and coarser beam width of 2mm) 
where on the other hand beam width in the parallel beam 
scanner is fixed to 1mm and 2mm and can be achieved by 
changing the collimator blocks on the detector side.
Scan times are significantly reduced by using the fan beam 
scanner since eight infills are required for each projection 
to sample the object using the beam width at the particular
7 9
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location whereas in the parallel beam scanner twenty six and 
thirteen translation steps are required for each projection 
to achieve 1mm and 2mm resolution respectively. For example, 
for 1mm resolution the reduction in scan time using the fan 
beam scanner is 26/8=3.25.
A single source producing a fan beam reduces the cost of 
source replacement since in the parallel beam scanner six 
sources are required.
However, the most important advantage of the fan beam 
scanner over the parallel one is that it can operate in dual 
photon scanning mode by taking full advantage of the two 
different well separated emission levels of 153Gd.
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5.1 Phantom scans
The spatial resolving power and the precision in 
measurements (noise distribution) of the fan beam scanner 
have been checked initially using scans of perspex phantoms.
A specially designed perspex phantom has been constructed, 
shown in Fig.5.1, consisting of holes with diameters 
selected to be 5,3,2,1.5,1 and 0.5 mm. Six different groups 
of holes have been designed according to their diameter and 
each of these groups contains three holes separated from 
each other by a distance equal to two hole diameters.
A tomographic scan of the phantom can be seen in Fig. 5.1 
where it is obvious that holes up to the size of 1mm can be 
resolved as distinct entities where the holes of 0.5mm 
diameter cannot be distinguished.
Three different liquids are used to perform the test for the 
determination of the noise in the system. Glycerol, 
ethanediol and distilled water are scanned and the 
tomographic image for the case of the distilled water at 
lOOkeV is shown in Fig.5.2 together with a linear profile of 
l.a.c. extracted from the image. All the above liquids form 
perfectly uniform objects so that any observed local non­
uniformity in the scans should be attributed to noise.
Various regions of the images are used to extract 
reconstructed values of the l.a.c. so that the majority of 
the object area can be represented and the standard 
deviation (s.v.) from the mean value is calculated which 
actually provides a measure of the noise inherent in the 
image due to scattered photons and electronic noise. Table
5.1 contains the measured mean values of the l.a.c. for all 
three liquids at both energy levels together with the
8 2
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(a)
(b)
Fig. 5.1 (a) The test object with the holes (b) The
tomographic image acquired. Set of holes with 
diameter down to 1mm are visible
60000 counts measured in air were used to acquire a single 
scan.
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* x
(i)
Pixel no along direction x
(ii)
Fig. 5.2 Tomographic scan of a distilled water bath at
lOOkeV. (i) Tomographic image (ii)Linear profile 
of l.a.c. Mean value is marked with a continuous 
line at 0.170cm"1. Noise distribution in the image 
is examined
60000 counts measured in air were used to acquire a single
scan.
84
M S N ik itid is
calculated standard deviations and the tabulated values 
(numbers in brackets) for the liquids as reported by Hubbell 
(1982) and calculated by using Xcom software, a purpose- 
built software calculating interaction coefficients at any 
photon energy and any compound with a known chemical 
formula.
Liquids l.a.c. (cm"1) 
44keV
l.a.c. (cm-1) 
lOOkeV
s. V .  
(4 4 k eV )
s. V .  
(lO O keV )
Glycerol 0.293 (0.290) 0.211(0.209) 0.018 0.011
Ethanediol 0.259(0.256) 0.189(0.185) 0. 017 0.015
Distilled water 0.252(0.248) 0.170(0.171) 0.016 0.014
Table 5 .1  Standard deviations from the mean value of the measured
l.a.c. at 44keV and lOOkeV for three different homogeneous 
liquids
It can be seen from Table 5.1 that the precision of
measurement lies within ±1.6-±1.8% at the energy of 44keV
and within ±1.1-±1.5% for the energy of lOOkeV. The
precision as can be seen is improved at the higher energy 
level since the measurement statistics at that level are 
better(higher transmitted count rates). It has also to be 
noted that noise is spread uniformly throughout the image 
and no spatial dependence of it has been observed as can be 
seen in Fig.5.2.
5.2 Calibration for mono-disperse systems
5 . 2 . 1  F u ll  to m o g ra p h ic  im a g in g
The fan beam scanner has been calibrated to extract
quantitative information in terms of solids fraction 
profiles from the reconstructed images in the case of mono- 
disperse systems. Special software has been developed to 
obtain both radial and linear solids fraction profiles from 
the images as well as to map in colour selected concentric 
annular regions in terms of the solids fraction variation
8 5
throughout the system. The solids fraction value at a 
particular pixel x of an image is given by
T|(x) = ^  ~ M'm (5.1)
V s  -  M
where |lx, jlm and |JLS are the reconstructed l.a.c. for pixel x, 
for a pixel occupied by matrix material only(i.e. air or 
liquid) and for a pixel occupied by solids respectively.
Fig. 5.3 shows the reconstructed image of a binary object 
(i.e. air and solid) together with a linear profile of the 
calculated solids fraction along the selected line. It is 
clear that an accuracy of about 2-3% in the calculation of 
solids fraction is achieved.
Fig. 5.4 &. 5.5 show the reconstructed images of mono-sized
beds of particles where a pyramid-shaped obstacle has been 
inserted in the flow. The grain boundaries together with the 
obstacle boundaries can be visualised where quantitative 
information about the radial distribution of the solids 
fraction away from the obstacle is also available.
In Fig. 5.4 the scan is taken at the level of the obstacle 
and the annular regions have a width equal to one particle 
diameter. As can be seen high voidage regions exist within 
one particle diameter from the obstacle, then voidage 
decreases for the next three particle diameter regions and 
getting higher again close to the wall (i.e. wall boundary 
region is considered to be two particle diameters wide (see 
Nedderman and Laohakul (1980)).
In Fig.5.5 the scan is taken just below the obstacle where a 
high voidage region is revealed spanning away from the
Chapter 5 Performance and calibration
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Pixel no along direction x
Fig. 5.3 An accuracy of 2-3% in the calculation of solids 
fraction is achieved
60000 counts measured in air were used to acquire a singlescan.
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(c)
Fig. 5.4 (a) Tomographic image of a mono-sized bed of-
particles (3mm in diameter) with a pyramid­
shaped insert (b) Colour mapping in respect to 
solids fraction values of concentric annular 
regions (I is the insert) (c) Profile of averaged 
solids fraction values over concentric circular 
regions at different positions along the radius
60000 counts measured in air were used to acquire a singlescan.
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(c)Fig. 5.5 (a) Tomographic image of a mono-sized bed of
particles (5mm in diameter) with a pyramid­
shaped insert, (b) Colour mapping in respect 
to solids fraction values of concentric annular 
regions where the high voidage regions can be seen 
spanning outwards, (c) Profile of averaged 
solids fraction different positions along the 
radius
60000 counts measured in air were used to acquire a single
scan.
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centre of the hopper within a distance of four particle 
diameters. The same findings were reported by Tuziin. and 
Nedderman(1985a,1985b).
5.2.2 Single profile absorptiometry
This technique allows faster scan times to be obtained in 
the case of flow of mono-disperse systems as described in 
Chapter 3. Each profile contains information about the 
integrated absorbed amount of radiation(raysum) given by 
Eq.(3.14) along a scan line as a consequence of the spatial 
variation of the l.a.c. along the same line. Solids fraction 
profiles are calculated by
tp _ jp
T| = K — ----  (5.2)F - Fm w
/
where K is a calibration constant which depends only on the 
type of particles and the surrounding matrix (air or liquid) 
and is independent of the hopper geometry. Fm , Fb are the 
measured raysums when the hopper is filled with the matrix 
material only and the hopper is filled with matrix and 
particles, respectively.
The resulting raysum for the hopper walls is given by Fw =Fa- 
Fe where Fa is the measured raysum for air (i.e. with no 
object in front of the radiation field) and Fe is ' the 
measured raysum for the empty hopper. For example, for the 
special case of an air based system Fm=Fa the denominator in 
Eq. (5.2) becomes 2Fe-Fa.
The numerator in Eq.(5.2) gives the attenuation from the bed 
of particles (e.g. solids plus voidage) since the 
attenuation of the wall cancels out, as walls have the same
Chapter 5 Performance and calibration
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thickness in both cases where hoppers are filled with fluid 
matrix only and filled with fluid matrix and particles. 
Calibration constant K is calculated by using mixtures 
composed of the same particles and matrix at a known packing 
fraction. Table 5.2 contains the values of K for two mono­
sized particulate mixtures embedded in air and water 
respectively together with the packing fractions used and 
particle properties.
Mixture Particle 
density (kg/m"3)
Particle 
diameter (mm)
K
Water/Extruded 
plastic 
particles
1030 3 0.71 5.00
Air/Maple peas 1300 6 0.65 0.75
Table 5 .2  List of calibration constants for the single profile
absorptiometric technique for two different mono-sized 
mixtures
An analytical description of the experimental work involved 
for the case of the air based mixture referred in Table 5.2 
will be given in Chapter 6 of this thesis. More information 
about the work on the liquid based mixture can be found in 
Nikitidis et al(1994).
5.3 Calibration for poly-disperse systems-Accuracy of dual 
photon technique
The accuracy of the dual photon technique is checked by 
using a test object consisting of different thickness bars 
of aluminium, perspex and glass. The length fraction to the 
total of each one is calculated representing also their 
volume fraction since the three bars apart from their 
different thickness, are equal in size. The linear 
attenuation coefficients at the two energies for each of the 
bars is measured with an error of 1-3% from their 
theoretical values. The measured values of the attenuation
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coefficients together with the original volume fractions and 
those measured with the dual photon technique can be seen in 
Table 5.3.
Materials 44keV
(cm-1)
lOOkeV
'(cm-1)
Original 
volume 
fraction (%)
Measured 
volume 
fraction(%)
Difference
Perspex 0.260 0.190 46.6 45.2 1.4
Aluminium 1.350 0.440 30.0 29.8 0.02
Glass 1.120 0.400 23 .4 25.0 1.6
Table 5 .3  Comparison between the volume fractions of a known assembly 
consisting of three different components and the volume 
fractions measured by the dual photon technique for the same 
assembly
Furthermore, profile measurements are repeated during the 
experiments in binary mixtures described in Chapters 7&8 in 
order that reproducibility of the solids fraction 
calculation to be established.
9 2
Chapter 6
Mono-disperse granular systems
Chapter 6 M ono-disperse granular system s
6.1 Introduction
The validity and the accuracy of the techniques described in 
the previous Chapters can be verified by comparing their 
results with the results extracted by using theoretical 
models based on various types of simulation (e.g. Discrete 
Element(DE), molecular dynamics etc).
The experiments performed to date using the two tomographic 
scanners concern three different areas of bulk solids flow 
from hoppers. Mono-disperse liquid borne granular systems 
were investigated by using the single profile 
absorptiometric technique [Nikitidis et al (1994)] and the 
results were compared with other type of experimental 
measurements (e.g. pressure measurements) and theoretical 
predictions [Faderani (1996)] showing an excellent agreement 
with both.
Air borne mono-disperse systems were also investigated by 
using the single profile absorptiometric technique and full 
tomographic imaging and the results were compared with DE 
simulation results, carried out by Langston et 
al(1994)&(1995a, 1995b). The validity of the DE simulations
has already been demonstrated by comparison with empirical 
hopper discharge rate equations such as due to Beverloo et 
al (1961) and continuum differential hopper wall stress 
equations due to Walters (1973) as well as with other 
experimental results in the literature, the kinematic model 
in funnel flow and the radial velocity field [Nedderman 
(1992)] model in mass flow hoppers. The comparisons of the 
tomographic experiments with the DE simulations are 
performed at the micro-structural level(i.e. the level of 
the individual particle size) [Langston at al(1996)] and 
are cited in this Chapter.
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Finally, dual photon measurements have been performed in the 
unobstructed and obstructed flow of air borne poly-disperse 
systems and the results were interpreted along the lines of 
an analysis driven by very recent advances in statistical 
mechanics of granular flows [Hsiau and Hunt(1993)and 
Natarajan et al(1995)]. The results of this work are cited 
in Chapters 7&8.
6.2 Experimental studies
The Distinct Element computer simulations provide an ideal 
method to test the validity of the tomographic techniques as 
these applied to the study of 3D granular systems. The 
voidage profiles of static and flowing beds of non-cohesive 
granular material were measured and directly compared with 
simulations of the hopper. The parallel beam tomographic 
scanner fully described in Chapter 4 of this thesis, was 
used for these experiments.
6.2.1 Materials.
Canadian maple peas of size distribution 5-7mm were used in 
these experiments. These are "real" poly-disperse non- 
spherical particles, in that their degree of imperfection is 
more representative of most industrial bulk solids, which 
should be compared with glass ballotini manufactured to be 
"perfect spheres". Hence they provide a sterner test for the 
comparison than if we had based out experiment and model on 
nominal ballotini spheres.
6.2.2 Tomographic Experiments
In this study solids fraction samples are taken every 2mm 
and a complete linear profile of the hopper cross-section 
can be determined in about 90s. The experiments are 
performed and analysed along the general guidelines given in 
Chapter 3 for the single profile absorptiometry technique
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and the simultaneous radial transformation of the linear 
data.
For a static bed, a complete cross-section image can be 
built up by using a full tomographic imaging experiment as 
this was also described in Chapter 3. The full tomographic 
imaging technique used here produces horizontal planar scans 
of the bulk at different heights along the silo. The planar 
tomographs will reveal the individual particle boundaries as 
well as the interstitial voids if the particle size is much 
larger than the spatial resolution of the scanner and a 
sufficiently long scan time is allowed to ensure image 
quality.
Fig. 6.1 shows an example of such a case with 5-7 mm near 
spherical particles inside a 150 mm diameter container at 
20mm above the orifice. Here, a photograph-like quality of a 
horizontal plane of a static bed was achieved by scanning at 
a spatial resolution of 2mm over many minutes. In this case, 
a direct quantitative comparison with numerical simulation 
data is made possible using the photographic images; as 
revealed in Fig.6.1.
Information about the DE simulations performed for these 
type of experiments together with the method of calculating 
linear and radial solids fraction profiles from simulation 
data can be found in Appendix B .
6.3 Comparison of experimental and simulated results
6.3.1 Static Fill.
Maple peas were slowly poured into the hopper from the top 
until the bed height was equal to several bin diameters.
9 6
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(b)
Fig.6.1 Image of hopper cross-section in a static bed at 
z=2.86 (20mm) comparing packing structure (a) 
tomographic image (b) simulation plot
60000 counts measured in air were used to acquire a single
scan.
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This ensured steady state flow conditions under high 
material head. With this method of filling it is reasonable 
to expect a solids fraction T| in the range 0.625-0.640 which 
is found for random loose packing of perfect spheres 
[Sherington and Oliver (1984)]. The precise value of the 
solids fraction will depend on a number of factors. The non­
sphericity of the maple peas should decrease T| whereas the 
poly-dispersity should increase rj. Also the solid fraction 
should also decrease near to the walls due to the physical 
impedance of the packing efficiency of the particles in the 
boundary region.
Fig.6.1 shows a comparison of the complete image scans at 
20mm with the computer simulation plot. There is clearly a 
strong similarity in the nature of these packings in 
particle-wall alignment, maximum gap size and number of 
large particles. The difference in sphericity is not 
evident. The only noticeable difference is that the 
simulation shows many more smaller particles (poly- 
dispersity) (NB the particles can be intersected at any 
section) . This is because the scanning beam is 3mm thick 
(~0.43p.d.) and 2mm wide and is hence not slicing along a 
plane as in the simulation plot (partial volume effect).
Figs. 6.2 & 6.3 show the solid fraction profiles for the
static particle assembly at 7 and 40 mm heights 
respectively. These show the simulated and experimental 
linear and radial profiles. It can be seen that the 
agreement between simulation and experiment is generally 
good both in absolute value and in the extent of radial 
fluctuation. In some instances the simulated system shows 
more pronounced peaks which are presumably not there in the 
experimental systems because the real granules are not 
perfect mono-disperse
9 8
M S N ik itid is
(a) Simulation Image 
static z = l .  (7mm)
Linear solid fraction
Radial solid fraction
r
F i g . 6 . 2  Static assembly solid fraction profiles at height
above the orifice z = 1.0 (7mm). (a) shows the image
of the simulation (b) the linear profiles (c) 
the radial profiles
9 9
Chapter 6 M ono-disperse granular system s
F i g . 6 . 3  Static assembly solid fraction profiles at height 
above the orifice z = 5.71 (40 mm). (a) shows 
the image of the simulation (b) the linear
profiles (c) the radial profiles averaged over 
time.
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spheres and they are not likely to "jam" so much. It is 
also possible that the experimental profile is slightly 
smoother because of the beam's finite thickness as 
discussed above, which will tend to "smear out" the profile.
Further experiments were carried out with a finer beam of 
0.5mm width scanning at the same heights, while the 
vertical width was kept at the same value of 3mm. In this 
case the experimental beam approximates the theoretical beam 
of infinitesimal width much better. The results for the 
static case at z =7mm are shown again in Fig. 6.4, this time 
for the finer beam. It can be seen that the discrepancy in 
fluctuation of the pattern between the simulation and
experiment has been visibly reduced when compared with
Fig.6.2 above.
In Figs. 6.2-6.4 the widths of the simulation peaks appear 
to correspond with the particle thickness, i.e., 1.0 on the
y distance axis. Furthermore, as expected the solids 
fraction is significantly lower near the walls because of 
the boundary effects on packing efficiency, which have also 
been reported by others, [see Nedderman and Laohakul(1980)] , 
and [Yu and Standish(1988) ] . This is most clearly shown by 
the simulation radial profile, where r|=0 at r=R, the hopper 
cross-section radius, and Tj rises to a peak at about r=R- 
d/2. This is not so clearly shown in the radial profile
because of the limitation of the mathematical transform at
r=R. However, the overall pattern and magnitude of the solid 
fraction fluctuations in the radial results are similar from 
both experiment and simulation.
6.3.2. Discharging Bed.
Fig. 6.5 & 6.6 show the solid fraction profiles for the
discharging hopper at 7 and 40 mm heights. These show the
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Q --------- 1---------1--------- 1---------1---------1--------- 1-------Li--------- 1--------- 1_____J______i i i l l  i i ■ i
-10.0 -8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0
y
F i g . 6 . 4  Static solid fraction profiles at z =1.0 (7 mm) 
where the scan is taken with the finer beam. The 
degree of fluctuation is more or less the same in 
both the simulated and the experimental profile 
because the finer beam does not produce the 
smearing effect of the wider beam.
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(a)
Simulation Image
flowing z=l (7mm)
Linear solid fraction
y
Radial solid fraction
F i g . 6 . 5  Flowing assembly solid fraction profiles at z =
1.0 (7 mm), (a) shows the image of the simulation 
at t=100 (b) the linear and (c) the radial 
profiles averaged over time.
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Simulation Image 
flowing z=5.71 (40mm)
1 0 . 0  - 8 . 0  - 6 . 0  - 4 . 0  - 2 . 0  0 . 0  2 . 0  4 . 0  6 . 0  8 . 0  1 0 . 0
Radial solid fraction
(b)
(c)
Fig.6.6 Flowing assembly solid fraction profiles at z = 
5.71 ( 40 mm) . (a) shows the image of the 
simulation at t=100 (b) the linear and (c) the 
radial profiles averaged over time.
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simulation linear and radial profiles averaged over five 
time slots, and the experimental linear profile and radial 
transformation of the linear results. These show encouraging 
agreement especially across the linear profiles. The solid 
fractions are slightly lower during discharge than the 
static cases especially near the orifice (T|=0.5) as would be 
expected due to the dilation accompanying flow see Fig. 
6.7). The profiles are also smoother during discharge due to 
the averaging nature of the process.
At z = 7mm the experimental profile is generally about 10-20% 
lower than the simulation profile. This is probably because 
the non-sphericity of the maple peas has a significant 
effect near the orifice during flow. Close to the hopper 
orifice, the particle contacts are less enduring due to the 
acceleration effects which also result in the dilation of 
the flowing assembly. The extent of dilation will also be 
enhanced by the non-sphericity of the particle shape in the 
real experiment which will favour more open packing 
structure. In contrast, in dense-phase, slow-shear flow, 
such as at z = 40mm, the dilation effect is not significant 
and the profiles of experiment and simulation are much 
closer.
6.4 Comparison of plane-mean values of solid fraction as a 
function of height above the hopper orifice
Figs. 6.8 and 6.9 compare the vertical profiles of the
static and the dynamic values of the solid fraction averaged 
over the hopper cross-section at different elevations. In 
both cases, the simulation results overpredict slightly the 
measured solid fractions except near the top of the material 
bed where the agreement appears to be much better. Quite
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Dilation effect at 7mm above the orifice
y
Fig.6.7 Comparison of experimental static and discharging 
profile at z=1.0 (7mm). The dilation of the 
bed is evident.
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Static fill
Fig.6.8 Solid fraction of hopper cross-section as a
function of height above orifice for the static 
fill in the hopper . Figure shows scans for two 
beam widths.
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Discharging bed
T|
Fig.6.9 Solid fraction of hopper cross-section as a
function of height above orifice for a discharging 
hopper - tomographic and simulation comparisons.
Scans were taken with the 2mm beam width.
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possibly, the effects of non-spherical particle shape and 
the degree of poly-dispersity of the real particles will be 
to a large part responsible for the observed differences in 
the solid fraction values. Furthermore, the simulation does 
also tend to underpredict significantly ( > 10%) the degree 
of dilation of the flowing particle assembly close to the 
hopper orifice ; see Fig.6.9. In a previous publication 
[Langston at al(1995a)], good agreement was reported between 
experimental and simulated discharge rates from mass flow 
hoppers. This would therefore, indicate that the 
simulations result in slower particle velocities coupled 
with higher value of the solids fraction which compensate 
each other to a large extent ; thereby producing discharge 
rates which are insensitive to the effects of minor poly- 
dispersity of particle size and slightly non-spherical 
particle shape.
6.5. Conclusions
The potential of the tomographic techniques suitable for the 
investigation of mono-disperse systems has been demonstrated 
by comparing results concerning static and flowing solids 
fraction profiles with DE simulations. These simulations 
have already shown good agreement with other experimental 
methods and empirical correlations and proved an independent 
tool for carrying out the comparison with the tomographic 
data.
The comparison performed at the individual particle size and 
the agreement was encouraging in terms of absolute values and 
fluctuation as well as structure of packing. Any 
discrepancies observed were either due to the non-sphericity 
of the "real" particles and the finite size of the beam.
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Poly-disperse systems: 
Simultaneous measurement of 
interstitial voidage and self­
diffusion velocities in binary
mixtures
f
7.1 Introduction
Discrete particle mixtures are very common in process 
industries e.g. agricultural, pharmaceutical, foodstuff in 
operations involving mixing, blending, granulation. In 
mixing and blending operations especially, uniform size 
distributions of the particles as well as the optimisation 
of bulk densities are required. However, during storage and 
transport of bulk solids, processes like segregation, 
attrition and agglomeration are very common and create 
problems detrimental to the final product quality. Quite a 
significant amount of research has been carried out in the 
past to determine the basic mechanisms prevailing in these 
processes.
Size segregation is a dominant physical process in the flow 
of poly-disperse particles in storage vessels affecting both 
the discharge rates and the uniformity of the discharged 
bulk material. Size segregation during filling and discharge 
of storage vessels can be ascribed to a large extent to 
"fines percolation" through the available interstitial s^ace 
in the bulk which is directly related to the particle size 
ratio and to fines concentration in the mixture. Free 
surface segregation is also possible as coarse particles 
seem to roll down an inclined plane such as a heap formed on 
the free surface of the discharging material thus allowing 
large particles to move towards the walls of the storage 
vessel[Drahun and Bridgwater (1983)]. However, in bulk shear 
zones observed during steady flow such as regions close to 
the walls of the vessel, lateral migration of fine particles 
into the bulk has also been observed (Bridgwater et al 
(1985)) .
It is perhaps obvious that size segregation is dominated by 
purely "geometric effects" for equal-density granules.
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Recent work by Arteaga and Tiizun (1990) and Ttiziin and 
Arteaga(1992) reported results in size segregation of binary 
mixtures of coarse granules by predicting the limiting 
weight fractions of fines for the onset of segregation at 
different particle size ratios.
The only possible experimental method to date to monitor
size segregation in a binary mixture flow from hoppers is
described in the work by Arteaga and Tuzun(1990). Batches of
material discharged from a hopper over certain time periods
were taken and sieved, so that the weight fraction of each
of the components in the batch could be identified at any
given instant. The degree of segregation was then calculated
by normalising the measured weight fraction at any given
time of discharge to the weight fraction of each component
in the initial filling. This normalisation presupposes that
the distribution of the two components in the initial fills
is uniform. However, it is not possible to check bulk
\uniformity at any given position in the hopper.
Another disadvantage of this method is that no significant 
information could be extracted by examination of the 
discharged batches about the onset and location of 
segregation within the hopper. The hopper acts as a black 
box, where only the output is allowed to be examined at 
various instants. Thus only the surplus or deficit of a 
component in the discharge can be detected but no 
information is available about the internal processes taking 
place during discharge.
Although, reproducible trends of segregation have been 
obtained by Arteaga and Tuzun(1990) for various stages of 
flow (e.g. initial transient(IT), pseudo-steady state (PSS) 
and final transient(FT)), it has not been possible with this
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method to determine the rate of segregation at any given 
time of discharge at a given location. Instead, only the 
total extent of size segregation could be quantified 
throughout the period of discharge.
Quantitative knowledge of the instantaneous rate of 
segregation at any given location within the hopper is the 
key factor in determining the physical mechanism(s) 
responsible for size segregation. In order to calculate the 
rate of segregation, it is important to be able to monitor 
the mass fluxes of the two individual components of the 
binary mixture which can be treated as individual solid 
phases. Consideration of solid phases rather than individual 
particles, allows the calculation of a relative flux 
expressing the net movement of one phase over the other. 
This relative flux could then be used to quantify the rate 
of segregation at any given location within the hopper at 
any instant during discharge.
It is most important for any prospective technique used to 
study segregation, that the components of a binary mixture 
are treated as phases and not as individual particles. This 
indicates that techniques used to track the motion of 
particle tracers (e.g. radioactive, radio-pills, lead 
tracers, marked particles) will not be able to quantify the 
extent of bulk segregation, unless the trajectories of all 
particles in the mixture are followed from which a relative 
flux can be calculated. This of course is an almost 
impossible task, moreover the difficulty of the tracking 
problem is intensified further in a heavily segregating 
mixture where extensive percolation might occur, resulting 
in large differences of velocities of individual particle 
sizes at different locations within the bulk. This renders
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it impossible to construct an accurate bulk flow field by 
tracking only a small selection of particles.
Several methods have been cited in literature which 
calculate the relative flux of separation between two phases 
of a mixture. The drift flux model which is due to 
Wallis(1969) calculates the relative flux of separation of 
solids from the liquid phase of a mixture assuming that 
there is uniformity of the individual phase velocities 
across certain cross-sections of a container, which is true 
for a solid-liquid system where no significant voidage 
gradients exist. However, this is not the case for an air 
borne granular binary mixture during flow, where significant 
voidage gradients exist at various stages of flow as well as 
at different locations in the container, resulting in 
significant fluctuation of individual phase velocities.
It is obvious from the previous paragraph that the 
methodology to be developed, calculating the relative fluxes 
in a two phase granular system during flow, should be based 
upon the measurement of the local fluctuating velocities of 
individual phases which are actually causing phase diffusion 
and hence segregation. Significant amount of work has been 
reported in literature [see Schaink and Hoheisel(1992) , 
Hoheisel and Vogelsang(1988), Hoheisel and Stell(1991)] 
concerning the calculation of fluctuating velocities and 
diffusion coefficients in two phase systems using molecular 
dynamics simulations driven by the kinetic theory describing 
highly random collisions between elastic spheres in a dilute 
environment. This work is not readily applicable in the case 
of segregation of a binary mixture flow from a hopper, where 
a slowly-sheared flow of a well compacted bed does not allow 
any margin to assume purely collisional interactions between 
the particles.
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More recently, Hsiau and Hunt(1993) and Natarajan et al
(1995), have measured fluctuating velocities during 2D
vertical chute flow of a mono-disperse coarse particle
assembly. They showed that in regions of high bulk shear
gradient such as next to the chute walls, significant self-
diffusive motion of individual particles occurs. This
allowed them to calculate the boundary layer thickness in
slow shearing granular flows. A similar approach is adapted
in this Chapter for the calculation of the relative fluxes
and the rate of segregation in binary mixture flow from 3D
hoppers.
7.2 Dual Photon measurements in binary mixtures
The dual photon technique described in detail in Chapter 3 
is applied to a binary mixture of nearly equal density 
granules and size ratio of 2.11:1 for the detection and 
quantification of particle size segregation. This technique 
is especially suited to measure the solids fraction values 
for each of the two components in the binary mixture as a 
function of time and position within the hopper. It is this 
set of data which is used to calculate diffusion velocities 
of mixture components.
7.2.1 Experimental setup
A perspex cylinder of 144mm in diameter attached to a 
conical section of 20° half angle and 25.4 mm orifice 
diameter(see Fig.7.1) is filled in small batches of 0.05-
0.06kg of a 80%- 20% b.w. mixture of ABS particles and
turnip seeds respectively to create a binary bed of 
successive layers of 5mm in height. The filling is performed 
by pouring the batches through a long pipe section which is 
brought close to the free surface of the material in order 
to avoid segregation due to the impact of the particles with 
the free surface. The hopper is filled up to a height of
115
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600mm
160mm
Fig. 7.1 The model hopper used in binary mixture flow 
experiments.
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71cm which with the existing hopper geometry gives a total 
discharge time of about 60s.
As can be seen from Table 7.1 the two species in the mixture 
are almost of equal density and the size ratio is 2.11:1.
Materials Solid Density (kg/mJ) Diameter (mm)
ABS 1020 3.25±0.27
Turnip seeds 1090 1.54±0.16
Table 7 .1  Solid densities and mean diameters for ABS particles and 
turnip seeds obtained from Quantimet analysis[Arteaga and 
Tiizun(1990) ]
1.2.2 Experimental procedure
The fan beam gamma-ray tomographic scanner which has been 
described in detail in Chapter 4 of this thesis is used for 
these experiments.
The scans are performed at two heights in the conical 
section of the hopper, one close to the interchange between 
the conical and the cylindrical section (120mm above the 
orifice) and the other two and a half orifice diameters 
above the orifice (60mm) as indicated in Fig.7.1. The static 
bed is scanned also at 200,250 and 300mm above the orifice 
(cylindrical section) in order to test the homogeneity of 
the static fill. A single scan at each elevation took about 
80s to complete, consisting of eight steps each one lasting 
10s, which due to the high activity of the source at the 
time of the experiments gave a precision(reproducibility) in 
the measurement statistics of better than 0.5% as it can be 
calculated from Eq.(3.13) for 60000 counts over 10s interval 
of radiation intensity in air for each step of scan. Three 
scans were performed at each elevation at any time instant. 
A spatial resolution of 1mm was obtained during the 
experiments.
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The flow scans were taken in Is intervals during the initial 
and final transient and in 3s intervals during the pseudo­
steady state of batch discharge. The sampling time interval 
of 3s is selected on the basis of the measured mean flow 
velocity of 2 0mms_1 in the hopper which in turn allows the 
material originally at height of 120mm above the orifice to 
be detected again at 60mm elevation. During the initial and 
the final transient stages of discharge scans were taken 
over shorter periods of flow (Is) , in order to capture the 
details of non-uniform and transient flow patterns.
This method of "snap-shot" gathering data over short 
sampling intervals is essential for the application of the 
statistical mechanical calculations of the velocity field. 
Long time-averaged scans taken during continuous flow (see 
Chapter 6) will not yield the type of data necessary for the 
calculation of diffusion velocities.
7.2.3 Extraction of volume fraction profiles
The geometry of the scan is shown in Fig. 7.2. The length 1 
for each of the beam paths in the mixture can be calculated 
by the equation
1 = 2-n/r2 - S2 sin2 X (7.1)
where R is the radius of the section at a particular height, 
S is the source-centre of the hopper distance and X is the 
angular position of a ray in respect to the central ray.
According to Beer's law the transmitted intensity Ib emerging
from the binary bed is given by
I b =  ( 7 . 2 ) ’
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Fig. 7.2 Geometric arrangement for the dual photon 
measurements
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where IG is the incident intensity, |lb and |±w are the linear 
attenuation coefficients of the bed and the wall of the 
container and lw is the wall thickness. By measuring 
separately the intensity Iw emerging from the empty 
container and bearing in mind that attenuation in air is 
negligible, the l.a.c. of the bed is calculated to be
Therefore, the linear attenuation coefficients (l.a.c.) of 
the bed at each of the chosen elevations and for each of the 
two energies can be extracted by using Eq.(7.1)&(7.3).
The volume fractions of each of the two species in the 
mixture and the voidage can be then obtained by feeding the
l.a.c. values of the bed together with the l.a.c. of each 
of the species measured separately (see Table 7.2) to an in- 
house computer software which actually solves the system of 
equations [see Eq(3.20)]. The l.a.c. of air is negligible 
(of the order of 10-4 cm-1) and for simplicity reasons is set 
to zero for both energies without significant error.
Materials l.a.c. at 44keV (cm-1) l.a.c. at lOOkeV (cm-1)
ABS 0.220 0.165
Turnip seeds 0.280 0.185
Table 7 .2  Measured l.a.c. for ABS particles and turnip seeds
7.3 Volume fraction results
7.3.1 Scans of the static fill
The static fill within the hopper has been scanned at a 
number of heights in order to check agreement with
/•
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calculated volume fractions of solid species as well as 
their homogeneity within the fill as seen in Fig. 7.3. The 
ratio of the volume occupied by the coarse particles to the 
volume occupied by the fines particles in relation to their 
original weight fraction ratio is given by
Y l  = L i L
Vf pe X (
(7.4)
where volume occupied by air(voidage) is excluded from the 
above equation. Here, the ratio of the solid densities is 
1.07 and of the weight fraction is 4. Hence, the expected 
volume fraction for the binary mixture is 81% by volume for 
the coarse particles and 19% for the fine particles which 
correspond to the values indicated by the two lines parallel 
to the y-axis in Fig.7.3.
The measured volume fractions are determined from the ratios 
of the plane-mean values of the volume fraction of each of 
the two solid species to the plane-mean value of the total 
volume fraction of the mixture at the same height. 
Therefore, the measured volume fractions for each of the two 
components are extracted where the volume occupied by air is 
excluded. As seen in Fig.7.3, the difference between the 
experimental and the expected values lie within the 
experimental error and the filling appears to be homogeneous 
with height in the hopper.
It has to be noted that the quantities volume fraction and 
solids fraction for a mixture component both express the 
amount of this solid component contained within the total 
volume (i.e. in this case the beam volume) and they might be 
usedinterchangeablyin this analysis.
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Fig.7.3 Homogeneity test of the component solids 
fractions in static binary fill
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7.3.2 Distinguishing different transient stages of flow 
The descent of the free surface of the material during batch 
emptying has been recorded and it is shown in Fig. 7.4. The 
gradient of the curve in Fig.7.4 changes at about 6s and 
this is believed to mark the end of the initial transient 
stage of flow. The linear section of the curve corresponds 
to the pseudo-state state and the subsequent change in slope 
at about 50s marks the onset of the final transient.
The initial transient time can be calculated theoretically 
considering a flat bottomed hopper geometry. The mass flow 
rate for a binary mixture is given by [Humby et al(1996)3
W = pc'g1/2[0.5093 In ^  f + Ti ] [d0 - z'(deff) (7.5)
Tlso
where r|so and rjs are the solids fraction values for a mono­
sized bed of ideal spheres (i.e.= 0.62) and a binary mixture 
(i.e. — 0.65 measured by the dual photon technique and given 
by Arteaga and Tuzun 1990) respectively, dD is the orifice 
diameter, p is the solid (physical) density, g is the 
gravitational acceleration, c’ is the modified discharge 
coefficient (i.e. 0.58) and z' (deff) is given by
Z'(deff) = 2.2 648dNL - 0.0011 (7.6)
where dNL is the mean length particle diameter of the mixture 
(i.e. 0.8x3.25+0.2x1.54=2.91mm).From equations (7.5)&(7.6)
the mass flow rate is calculated to be 6.5xl0"2 kg/s and 
subsequently the volumetric flow rate is 9.3xl0~5 m3/s. The 
time Ti necessary for the stagnant zone boundary to reach the 
free surface of the material (initial transient time) is 
given by [Nedderman (1995)]
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Fig. 7.4 The descent of the free surface of the material 
with time reveals the duration of the Initial 
Transient (IT), Pseudo-Steady State (PSS) and 
Final Transient(FT)
124
Chapter 7 P oly-d isp erse  system s: Simultaneous measurement
o f  in t e r s t i t ia l  voidage and s e l f -d i f fu s io n
v e lo c i t ie s  in binary mixtures
4BZ ( 7 . 7 )
where B is the kinematic constant, Q is the volumetric flow 
rate and Ap/p2 is the density change at initiation of flow. 
Along the centre line of the hopper and for density changes 
of 10% accompanying flow[Cleaver and Nedderman (1993)], the 
initial transient time Tx was calculated to be 9.9s. This is 
slightly higher than the measured value, since the 
theoretical calculation was based on a flat bottomed hopper 
whereas the experimental hopper has a conical outlet of a 
half-angle 20° where a higher degree of acceleration of 
particle velocity is to be expected.
7.3.3 Cross-sectional profiles of solids fraction during 
hopper discharge 
Figs.7.5-7.12 show the corresponding sets of cross-sectional 
profiles of solids fraction for the static fill and for 
various stages of flow at 60mm and 120mm above the orifice.
The distance along the hopper is expressed in reduced units 
(e.g. in multiples of the maximum particle diameter in the 
mixture which is 3.25mm). It can be seen that the total 
solids fraction values in the static case fluctuate around a 
mean value of 0.63 and 0.65 respectively at the two heights 
of 60mm and 120mm, being in full agreement with the values 
reported by Arteaga and Tuziin (1990) .
Inspection of these plots shows a dilation of the bed as far 
as the total solids fraction values is concerned upon 
initiation of flow which is about 10% at the height of 60mm 
(see Figs. 7.5 & 7.6) while being about 7% at the height of 
120mm(see Figs.7.9 & 7.10) indicating higher dilation closer
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Displacement along scan axis (p.d.)
Fig. 7.5 Static solids fraction profiles of the binary 
mixture at 60mm above the orifice
126
So
li
ds
 
fr
ac
ti
on
 
So
li
ds
 
fr
ac
ti
on
Chapter 7 P o ly-d isp erse  system s: Simultaneous measurement
o f  in t e r s t i t ia l  voidage and s e l f -d i f fu s io n
v e lo c i t ie s  in binary mixtures
(i) Bed after 2s of flow 
at 60mm
Displacement along scan axis (p.d)
(ii) Bed after 5s of flow 
at 60mm
Displacement along scan axis (p.d)
Fines
Coarse
Total
Fi g .  7 . 6  Solids fraction profiles of the binary mixture at 
60mm above the orifice after 2s and 5s of flow 
(Initial Transient)
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.7 Solids fraction profiles of the binary mixture at 
60mm above the orifice after 14s and 32s of flow 
(Pseudo-Steady State)
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Fig. 7.9 Static solids fraction profiles of the binary 
mixture at 120mm above the orifice
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(i) Bed after 2s of flow 
at 120mm
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7, 10 Solids fraction profiles of the binary mixture at 
120mm above the orifice after 2s and 5s of flow 
(Initial Transient)
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Fig.7.11 Solids fraction profiles of the binary mixture at 
120mm above the orifice after 14s and 32s of flow 
(Pseudo-Steady State)
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Fig.7.12 Solids fraction profiles of the binary mixture at 
120mm above the orifice after 51s and 52s of flow 
(Final Transient)
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to the outlet). During the pseudo-state of batch discharge 
the dilation of the bed is unaltered at both heights (see 
Figs.7.7 & 7.11) indicating that no significant voidage
changes occur during plug flow. No significant changes are 
observed also during the final transient of batch discharge 
in the degree of bed dilation, (see Figs.7.8 & 7.12).
As far as the concentration of fine particles is concerned 
at different stages of flow, there is an abrupt increase of 
fine particles concentration upon initiation of flow at 
60mm (see Figs. 7.5 & 7.6) where at the same time a smaller 
decrease of fine particles is observed higher in the conical 
section at the height of 120mm(see Figs.7.9 & 7.10). Fines 
concentration is kept at a constant value during pseudo­
state state of batch discharge at the central region of the 
hopper while boosting to higher values closer to the wall 
boundary regions especially at 60mm (see Figs.7.7 & 7.11). 
No significant changes are observed in these trends during 
the final transient stage of discharge(see Figs 7.8 & 7.12).
Another possibly significant finding is that the fluctuation 
regarding point to point values is much higher at the height 
of 60mm indicating higher mobility of fine particles(see 
Figs.7.7& 7.11).
As it is clear from the above comments, although the 
information extracted can detect signs of increased mobility 
of any of the two components locally, it cannot however 
quantify the rate and the degree of this mobility. This can 
only be done along the lines of a statistical mechanical 
analysis which will be described in detail in the next 
section of this Chapter.
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7.4 Analysis of self-diffusion and mutual-diffusion in 
granular mixture flow
7 . 4 . 1  Mean b u l k  m o t io n  and m i c r o - t u r b u l e n c e
The flow of a binary mixture and generally of any bed of 
non-cohesive particles within a container can be described 
in terms of the bulk motion of the particles with a mean 
streamwise (flow) velocity vector, together with a 
fluctuating component arising from the local motion of the 
particles expressed as local fluctuating velocity. Local 
fluctuations in particle velocity at any instant arise from 
physical processes such as sliding, rolling, percolation 
etc, all of which are believed to play an important role in 
size segregation within the bulk flow field. The two 
components of flow should be extracted from the solids 
fraction profiles and treated separately.
However, steady bulk motion of particles with a uniform 
velocity field can only occur during the so-called pseudo 
steady-state stage of flow and cannot be considered 
appropriate during initial or final transient stages of 
batch discharge where the predominant events are voidage 
propagation and formation of flow boundaries (e.g stagnant 
zones in funnel flow) . For this reason the steady-state 
model of bulk flow is not applicable to these transient 
stages during which the bulk flow field is evolving with 
time.
It is also important at this point to distinguish between 
macro-turbulence and micro-turbulence. In self-diffusive 
Eddy formation in turbulent fluid flows observed at high 
Reynolds numbers and in fluidized powder systems such as 
fluidised beds where bubble formation and material
135
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Direction of 
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Fig. 7.13 Idealised schematic of mean streamwise velocity 
and fluctuating velocity vectors
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re-circulation are the main features, the disturbances to 
the mean flow fields are scaled by the dimensions of the 
vessel geometry. In contrast, in slow-shearing granular 
flows, no such large-scale disturbances to the mean-flow 
field are observed during steady state discharge. Instead, 
individual particle motions observed locally are found to 
give rise to significant fluctuations of local strain rates 
within the bulk. It is this effect examined here referred to 
as "micro-turbulence" to set it apart from the conventional 
effects observed in highly turbulent flow fields.
In order to investigate the fluctuations of local strain 
rates, each of the solids fraction profiles for individual 
components is split into local regions of width equal to two 
coarse particle diameters and the values of solids fraction 
falling within these regions are averaged over the width of 
each region to give a representative solids fraction value 
for that region. The selection of a distance of two coarse 
particle diameters in the mixture as the scale to describe 
fluctuations, is entirely appropriate here since according 
to Arteaga and Tiizun (1990) the number ratio of fine to 
coarse particles for the binary mixture considered in this 
study is calculated to be 2.3, by using the equation Nf/Nc=
(Xf/Xc) (|)3 where Xf,Xc are the weight fractions of fine and
coarse particles in the mixture, respectively and <|>R is the 
size ratio(2.11:1).
7 . 4 . 2  A n a l y s i s  o f  l o c a l  v o i d a g e  f l u c t u a t i o n s
The following statistical analysis makes use of all the 
acquired data from the tomographic scanner which have been 
gathered with a spatial resolution of 1mm and a temporal 
resolution of Is at the initial and final transients and 3s 
in the pseudo-steady state, unlike the work for the mono- 
disperse systems described in Chapter 6, where data were
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averaged over long time intervals during continuous flow and 
in some cases also averaged over the hopper cross-section at 
different heights.
The mean value of the flowing solids fractions for each of 
the components within each local region is given by
where j=f,c for fine and coarse particles respectively and N 
is the total number of samples within the steady state 
period only. Then, the fluctuating component of solids 
fraction at any given time ti is
It is possible to arrive at a mean value of the fluctuating 
solids fraction locally by taking the square root of the 
ensemble average of the square of fj(ti) and thus writing
where NT is the total number of samples over the entire 
period of flow. This procedure ensures that we calculate the 
modulus of the mean fluctuation irrespective of the 
variations in the direction at any given instant.
The variation of the fluctuating solids fraction component 
over a finite time period of flow At is given by
(7.8)
fd(ti) = i i , ( t j  -  <ri>. (7.9)
(7.10)
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(7 .11)
where the mean values of the solids fraction (r|)j cancels out
as it can be seen from Eq. (7.9) and At is the flow duration, 
being Is during the initial and the final transients and 3s 
during the pseudo-steady state.
7 . 4 . 3  D e f i n i t i o n  o f  m i c r o - t u r b u l e n c e
The micro-turbulence at any local region is calculated using
TV( t ± ) has units of (s 1) which is analogous to a local value
of the strain rate. Higher the magnitude of the local strain 
rate, greater is believed to be the extent of micro­
turbulence within the bulk flow field. Figs. 7.14-7.17 show 
the degree of micro-turbulence for three different regions 
in the hopper (e.g right and left wall and the central 
region) at both the heights of 60mm and 120mm respectively.
7 . 4 . 4  A n a l y s i s  o f  s t r a i n  r a t e  d a ta
As can be seen from Figs. 7.14-7.17, the micro-turbulence 
seems to be more significant during the transient stages 
(initial and final) of flow due to major voidage re­
arrangement taking place. The micro-turbulence seems to be 
higher closer to the walls(highly sheared regions) during 
these stages of the flow but it is still quite significant 
in the central region of the hopper as well. However, during 
the pseudo-steady state (PSS) the lattice of the flowing 
assembly is more defined and severe micro-turbulence is 
confined in the wall regions whereas within close to the 
hopper centre, micro-turbulence is less significant.
A£,(ti.) (7.12)
139
M
ic
ro
-tu
rb
ul
en
ce
 
(1
/s)
 
M
icr
o-
tu
rb
ul
en
ce
 
(1
/s
)
M S Nikitidis
Fig. 7.14 Micro-turbulence profiles with time at (i)left
wall region at 60mm (ii)right wall region at 60mm
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Fig.7.15 Micro-turbulence profiles with time at the centre 
of the hopper at 60mm
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Fig.7.17 Micro-turbulence profiles with time at the centre 
of the hopper at 120mm
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Another interesting finding is that fluctuations of the
micro-turbulence for each of the species seem to be almost 
reciprocal which means that a positive value of strain rate 
due to one species is usually matched by an almost 
equivalent negative strain rate of the other species,
resulting in a negligible net change of the total bulk 
strain rate at any given instant and therefore to a very 
small change of voidage during flow (incompressibility of 
flow) . It also follows that in cases where fluctuations due 
to individual species do not entirely match each other or 
even have the same sign, significant net bulk strain rates 
should occur resulting in associated voidage changes 
accompanying flow.
It is however not possible to comment conclusively on the 
extent of variation of micro-turbulence between the 
elevations of 60mm and 12 0mm along the hopper; see Figs. 7- 
14-7.17. On the other hand visual inspection of Fig.7.16 
indicates a large degree of voidage fluctuation near the 
right wall region compared to the left wall region. This is
in support of the asymmetry of the bulk flow field.
' 7 . 4 . 5  C a l c u l a t i o n s  o f  s e l f - d i f f u s i o n  v e l o c i t i e s  " ■
The instantaneous value of the vertical component of the 
self-diffusion velocity for each of the two species is given 
by
Af,(t.)v
  --  (7.13)At
where v is the vertical resolution(slice thickness) of the 
scan (i.e. 2.5mm). The diffusion velocity as it is expressed 
in Eq.7.13 is measured in ms-1 because the numerator which
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provides the variation of the fluctuating solids(volume) 
fraction is given by
AV,
A fJ tJ  = — i  (7.14)
Vt
where Vt is the total volume defined by the beam and it 
remains constant at any particular location at any height. 
Despite the divergence of the beam due to the fan beam 
geometry, it can be assumed with no significant error 
introduced in the calculations, that the beam shape 
approximates a parallelepiped shape, since both horizontal 
and vertical beam widths do not change significantly over 
the small cross sections in the conical part of the hopper 
where scans are performed. However, for scans performed 
higher up in the cylindrical part of the hopper this 
assumption for the beam .shape might introduce significant 
errors in the calculations. Therefore, the total volume of 
the beam is given by
Vt = A sv (7.15)
where As is the cross sectional area of the total volume Vt 
occupied by both solids and air. By substituting Eqs.(7.14) 
and (7.15) in Eq.(7.13), the self-diffusion velocity can be 
expressed in terms of the volume variation of species j and 
the cross sectional area As as follows:
AV,
i 7 . i s ,
which has dimensions of ms-1. Eq. (7.16) provides vertical 
self-diffusion velocities averaged over the penetration 
depth of the beam(i.e. the hopper thickness).
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Figs. 7.18-7.21 show the instantaneous vertical self­
diffusion velocity profiles for the same regions in the 
hopper where micro-turbulence has previously been shown, 
that is the central, left and right wall regions 
respectively at two different heights.
As can be seen from Figs.7.18-7.21 self-diffusion velocity 
has a directional sign fluctuating around the zero value. 
Abrupt changes occur during the transient stages, where 
during pseudo-steady stage self-diffusion velocity appears 
to have no significant gradients especially at the centre of 
the hopper at both heights.
A negative sign of velocity indicates that during the flow 
time interval At more solids of one species have departed 
from the volume of interest (i. e . beam volume) to lower 
locations, than the solids of the same species entering the 
volume of interest from higher locations, hence a deficit of 
the particular species at this location is observed. In 
contrast, a positive sign of velocity indicates that more 
solids of one species have entered the volume of interest 
than the solids actually departing from it to lower 
locations giving rise to a surplus of the particular species 
at that height. It is also important to note that in Figs.7- 
18-7.21 the magnitude of the self-diffusion velocities is of 
the order of fractions of particle size indicating possible 
re-arrangement of inter-particle contact regions rather than 
any free fall or collision of particles.
The time averaged self-diffusion velocity within the pseudo­
steady state period of discharge at a certain location is 
given by
(7 .17)
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F i g .
left wall region at 60mm (ii) right wall region at 
60mm
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Fig. 7.19 Self-diffusion velocity profiles with time at the 
central region at 60mm
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Fig. 7.20 Self-diffusion velocity profiles with time at(i) 
left wall region at 120mm (ii) right wall region 
at 120mm
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Fig. 7.21 Self-diffusion velocity profiles with time at the 
central region at 120mm
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In Eq. (7.17), is necessary to consider the modulus of the 
velocity fluctuations in time in order to provide 
consistency with the definitions of the diffusion 
coefficients provided later in this Chapter which are 
related to the square of the velocity fluctuations in time 
and thus are time independent.
Fig.7.22 shows the variation of the time-averaged self­
diffusion velocity over the steady-state period of flow 
along the hopper cross-section. The distance along this
horizontal axis is expressed in terms of multiples of coarse 
particle diameter(p.d .) in the mixture (i.e 3.25mm). It can 
be seen that self-diffusion velocity is lower at the central 
region and gets to higher values closer to the wall regions 
at both heights as it would be expected, since wall region 
is sheared to a higher extent than the central region and 
particles moving closer to the walls tend to diffuse more.
However, the values of self-diffusion velocity are very 
small as can be seen in Fig. 7.22, being one hundredth of a 
mm at 120mm above the orifice translated to 3xl0~3 particle 
diameters, and two hundredths of a mm at 60mm above the 
orifice translated to 6xl0“3 particle diameters, where the 
particle diameter again is considered to be the coarse
particle diameter.
Such small values of self-diffusion velocity can be 
explained on the basis of the size ratio of the binary
mixture (2.11:1) and therefore the empty space available 
within the lattice of the coarse particles is not enough to 
allow significant diffusive motion for the fine particles
[see Arteaga and Tiizun (1990)], especially in highly packed 
shear flow like flow of solids from hoppers, where any 
diffusive motion of particles is due to linear translations
Chapter 7 Poly-disperse systems: Simultaneous measurement
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Distance along scan axis (p.d.)
(i>
- 12.00 0.00 12.00 
Distance along scan axis (p.d.)
(ii)
Fig. 7.22 Spatial distribution of time-averaged self- 
diffusion velocity (i) at 60mm (ii) at 120mm
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or rolling but not in inter-particle collisions which 
normally result in much higher values of self-diffusion 
velocities than the ones shown in Fig. 7.22. The results 
obtained with the present experimental procedure will be 
compared later in this Chapter with theoretical predictions 
arising from the kinetic gas theory which actually assumes 
inter-particle collisions as the main mechanism for 
diffusion.
7 . 4 . 6  C a l c u l a t i o n s  o f  s e l f -  and m u t u a l - d i f f u s i o n  
c o e f f i c i e n t s
A more representative quantity to describe the diffusion 
potential of this or any other mixture is the self-diffusion 
coefficient defined by
and At is taken as the flow duration during pseudo-steady 
period of flow. Fig. 7.23 shows the spatial variation of the 
self-diffusion coefficients across the hopper where it can 
be seen that self-diffusion coefficient is higher at the 
wall regions at both heights of the hopper and also that 
both the fine and the coarse particles seem to diffuse 
pretty much to the same extent with coarse particles 
diffusing slightly higher than fine particles.
This is in agreement with results reported by Francis et 
al(1997) for a 2D system where coarse particles seem to
(7.18)
where
(7.19)
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F ig . 7 . 2 3  Spatial distribution of self-diffusion coefficient 
at (i) 60mm (ii) at 120mm
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travel faster than the fine particles in a mixture with a 
size ratio very close to the one which is considered in this 
study. This comparison between a 2D system and the axially- 
symmetric 3D system examined here is possible due to the 
fact that diffusivity is calculated in this study along a 
single vertical plane of flow. Coarse particles seem also 
to diffuse more, closer to the wall regions, presumably due 
to their rolling action [Drahun and Bridgwater(1983)]. The 
higher values of self-diffusion coefficient closer to the 
walls are to be expected since these regions are known to be 
highly sheared [Nedderman and Laohakul(1980)], thus 
favouring diffusive motion. The higher shear gradient near 
the walls and therefore the higher degree of diffusivity is 
totally consistent with the conclusions extracted by the 
observation earlier in this Chapter of the micro-turbulence 
profiles (see Figs.7.14-7.17).
Furthermore, is also seen clearly in Fig. 7.23, that self- 
dif f us ivity is an order of a magnitude higher at 60mm which 
indicates the presence of higher shear gradients at this 
height, which is closer to the hopper outlet. The self- 
diffusion coefficient quantifies the diffusivity for each of 
the two phases without giving any information about the 
relative movement of one phase over the other. This 
information can be extracted by calculating the mutual- 
diffusion coefficient which is given by
where j=f,c for fine and coarse particles respectively and 
At is taken again as the flow duration in PSS period of 
flow. Fig.7.24 shows the spatial variation of the mutual- 
diffusion coefficient along the scan axis, indicating the
(7.20)
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higher degree of relative diffusivity close to the walls of 
the container and the outlet. However, it has to be noted 
that both the calculated values of the self- and the mutual- 
diffusion coefficients are very small compared to the 
geometric scale of particle packing reflecting the very 
ordered structure of the flowing particle assembly.
7.5 Comparison with kinetic theory predictions
In order to be able to compare the results extracted with 
the previous analysis with other theoretical or experimental 
results for diffusivity cited in literature such as the 
kinetic gas theory, it is essential to express the self­
diffusion coefficient calculated earlier in a non- 
dimensional form.
Very recent published work by [Savage and Dai(1993), Oger et 
al(199 6) and Hsiau and Hunt (1993)]}, describe granular .flows 
under shear conditions using the kinetic theory of gases 
which considers the collisional interactions between the 
particles as the main reason for self-diffusion.
A granular mixture at low packing values can resemble a gas 
system where the molecules are free to travel in all
possible directions colliding with each other and with the 
walls of the container. Due to this high activity of the
molecules a thermodynamic temperature is generated purely 
dependent on the velocity fluctuations due to the inter­
particle collisions. In exactly the same way, it is to be 
expected that the particles of a granular mixture at high 
voidage values will collide with each other as a result of 
the increased free space in the container and a significant 
granular temperature is calculated equal to one third of the
velocity fluctuations for the case of a 3D granular mixture
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[Savage and Dai(1993)] or to one half of the velocity 
fluctuations for the case of a 2D system [Oger et al(1996)].
It is obvious from the above, that a granular temperature 
value'calculated for a 3-D system like the granular binary 
mixture during slow shearing bulk flow from a hopper, 
following the assumption of collisional particle 
interactions would result in very small values of granular 
temperature, because of the absence of large scale 
collisional interactions in hopper flows as compared to the 
particle sizes in the bulk.
The self-diffusion coefficient calculated for a 3D granular 
system under the assumptions of the kinetic theory is given 
by[Savage and Dai(1993)]
where Tg is the granular temperature being equal to a third 
of the velocity fluctuations, ep is the standard coefficient, 
of restitution incorporating the energy dissipation during 
collision for particles of different elastic properties 
(i.e. ep has the value of 1.0 for purely elastic particles)
and g0(T|) is a radial function of the solids fraction in 
contact given by [Carnahan and Starling(1969)]
The non-dimensional values of the self-diffusion coefficient 
as this is expressed by Eq.(7.21) is now a function of the 
solids fraction as seen in Fig.7.25 which shows a plot of
(7.21)8(1 + ep)r|g0(r|)
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solids fraction
Comparison between theoretical predictions of 
self-diffusion coefficients based on kinetic 
theory[Savage and Dai(1993)], with the values 
extracted from the analysis of the experimental 
solids fraction data.
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curves corresponding to the different values of the 
restitution coefficient. Solids fraction values up to 0.6 
have been calculated because of the difficulty of applying 
the kinetic theory at very dense particle assemblies.
As can be seen from Eq. (7.18) the experimental values of the 
self-diffusion coefficient is expressed in dimensions of 
m2s_1. Therefore, a non-dimensional quantity for the self- 
diffusion coefficient could result, if it is scaled in terms 
of particle size and strain rate according to the equation
D
D
a: A i > )
(7.23)
where Oj is the particle diameter of species j and
( w ) — y  T . { t . ) 
N f i  3 1
(7.24)
is the absolute value of the time-averaged local strain rate 
during the PSS period of flow. The quantity calculated by 
Eq.(7.23) is independent of the particle diameter and can 
therefore be used readily for comparison with equivalent 
quantities extracted by other approaches like the kinetic 
gas theory.
Non-dimensional self-diffusion coefficients have been 
calculated using Eq.7.23 for both heights of the hopper(60mm 
and 120mm) and are compared with the kinetic theory 
predictions as seen in Fig.7.25. The two experimental points 
available for this comparison represent solids fractions of 
about 0.59 at 120mm and 0.57 at 60mm, since the binary 
mixture under consideration does not appear to have high
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fluctuation in the solids fraction value during PSS stage of 
flow throughout the cross-sectional areas at the two
heights. Each of the points represent^ a non-dimensional 
self-diffusion coefficient averaged over the whole cross- 
sectional area at the particular height where the plane-mean 
value of voidage is calculated.
Clearly, there is a significant difference between the
theoretical and the experimental results shown in Fig.7.25 
of at least one order of magnitude. This difference is 
mainly due to the fact that kinetic theory is not applicable 
in such low voidage values, where particles interact with 
each other not by collisions as the kinetic theory implies 
but by rolling or linear translation. Therefore, in a 
granular system, diffusivity of species is mainly driven by 
contact shearing and not by collisional interactions, unless 
the system is highly dilated during flow.
7.6 Conclusions
Dual photon technique especially developed to measure the
volume fractions of two individual phases of a binary 
mixture embedded in the matrix of a third component (i.e. 
carrier fluid) has been tested on a granular binary bed 
consisting of coarse cohessionless particles of almost equal 
densities with the aim of quantifying particle size
segregation.
The weight fraction of the fines is kept to 20% and the size 
ratio to (2.11:1) thus providing the case scenario for 
minimum segregation to occur. A slightly segregating system 
is chosen to demonstrate applicability of the technique and 
to establish confidence on the accuracy of the tomographic 
measurements. Furthermore, studies on a heavily segregating 
system will require a "bench-mark" for comparison with a
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system such as the one considered presently. The solids 
fraction profiles of each of the individual phases were 
determined at any given height and at any given stage of 
flow. The implementation of the statistical analysis using 
these profiles allowed the quantification of the rate of 
phase motion in terms of self-diffusion velocities and self­
diffusion coefficients of each of the phases and of the 
relative motion of these phases in terms of mutual-diffusion 
coefficients.
It should also be noted here that the application of the 
kinetic theory based on collisional dynamics is not suitable 
for the interpretation of micro-turbulence in slow-shearing 
dense phase flows such as hopper flows. The rate of self and 
relative motion of the phases in these systems should be 
described by an analysis incorporating examination of the 
micro-turbulence and the subsequent diffusivity of particles 
based on mechanisms like rolling or linear translation but 
not on collisional interactions. This is believed to be 
proved by the profound difference of the values between the 
kinetic theory predictions of diffusivity and the 
experimental results obtained by using the general 
statistical mechanical analysis described in this Chapter.
The dual photon technique used in this study has been shown 
to quantify very small degrees of phase separation 
(segregation) in granular flows with substantial accuracy in 
addition to its unique capability of gathering data in an 
equal-density poly-disperse particle assembly.
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Chapter 8 Poly-disperse systems with obstacles
8.1 Introduction
The presence of obstacles of various sizes and shapes is a 
common phenomenon in storage and transportation of bulk 
solids and is due to a variety of reasons. Large internal 
structures can be built inside a silo to give the necessary 
strength and stability but at the same time cause unwanted 
obstructed flow patterns. Various measurement devices like 
pressure transducers, thermocouples may be introduced in the 
flow field for on line monitoring of various flow parameters 
like velocities, and pressure concentrations and stresses 
arising during filling and discharge, but they create also 
unwanted obstruction in the flow.
However, there are cases in process industries where solid 
obstacles of various shapes and sizes are introduced in the
vessels to act as flow correctors. Obstacles can be
introduced at various critical heights above the orifice to 
break up stresses especially close to the outlet where 
arches are created during over-consolidation of the flowing 
material or they can be used to reduce the stagnant zones 
observed during funnel flow.
The effects of the insertion of solid obstacles in the flow 
of mono-disperse systems has been studied extensively by 
Tiizun and Nedderman (1983 )&( 1985a, 1985b) using photographic
work and pressure measurements for the 2-D flow case (e.g. 
the inserts were attached to the walls of a bunker of
rectangular cross section). Following from this work and 
having already established the potential of the dual photon 
technique for the study of poly-disperse mixtures in Chapter 
7, the effects are investigated in this Chapter of the 
insertion of a 3D solid obstacle on the rates of self- 
dif fusivity in a granular mixture identical to the one
164
M S Nikitidis
studied in Chapter 7 under the condition of unobstructed 
gravity flow.
8.2 Dual Photon measurements in binary mixtures with 
obstacles
8 . 2 . 1  E x p e r im e n ta l  s e t u p
The same experimental setup described in detail in Chapter 7 
is used in these experiments with the only difference being
a solid perspex conical insert positioned just below the
transition line between plug flow and converging flow
regions in the experimental hopper as seen in Fig.8.1.
The conical insert has a half angle of 20° which is equal to 
the half angle of the hopper section, a base diameter of 
3 0mm and it is 80mm high. A very thin metallic rod mounted 
on a perspex cover at the top end of the cylindrical section 
is used to keep the obstacle fixed centrally at the desired 
location.
Filling of the hopper was performed following exactly the 
same procedure as before by using the long stand pipe 
section. Due to the obstacle being placed centrally in the 
hopper, problems occurred during filling concerning impact 
of particles on the obstacle as well as fitting the stand
pipe through the narrow gap left in the hopper due to the 
presence of the obstacle. Despite these problems it is 
believed that reasonably uniform fills were created as 
verified by subsequent measurements (see Fig.8.2). The same 
procedure as outlined in Chapter 7 was used to calculate 
data shown in Fig.8.2.
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Fig.8.1 The model hopper used in obstructed flow 
experiments with a binary mixture.
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Volume fraction
♦ Measured fines v.f.
• Measured coarse v.f.
Calculated fines v.f. by Eq.(7.4)
—  — Calculated coarse v.f. by Eq.(7.4)
Fig.8.2 Homogeneity test of the component solids
fractions in static binary fill. The position of 
the obstacle is also shown.
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8 . 2 . 2  E x p e r im e n ta l  p r o c e d u r e
The scans were performed at the same heights in the conical 
section of the hopper as before {i.e. 60mm and 120mm above 
the orifice) together with scans at an additional height at 
the base of the obstacle (140mm above the orifice) . The 
static bed was also scanned at 200, 250 and 300mm above the
orifice (cylindrical section) in order to test the
homogeneity of the mixture and the deviation from the
calculated values of the original volume fraction in the 
fill.
Linear scans were taken again at snap-shots of every Is for 
the initial and final transient and every 3s for the pseudo 
steady-state period of batch discharge. The precision in the
measurement statistics was kept again at a level of better
than 0.5% by scanning for 10s at each position hence
gathering about 60000 counts.
8.3 Volume fraction results
8 . 3 . 1  Scans o f  th e  s t a t i c  f i l l
The filling of the hopper has been tested in terms of 
homogeneity and calculated values of original volume
fraction in the fill by using Eq.(7.4) as seen in Fig.8.2.
The position of the obstacle is also marked in Fig. 8.2, 
which lies between 135mm and 215mm for ease of visual 
comparison. The difference between the calculated and the 
measured values of solids fractions lie within the 
experimental error while the filling appears to be 
homogeneous with height in the hopper even in the regions 
close to the obstacle.
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Fig. 8.3 The descent of the free surface of the material 
with time reveals the duration of the Initial 
Transient (IT), Pseudo-Steady State (PSS) and 
Final Transient(FT) during obstructed bulk flow.
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8 . 3 . 2  D i s t i n g u i s h i n g  d i f f e r e n t  t r a n s i e n t  s t a g e s  o f  f l o w
The descent of the free surface of the material during flow 
has been recorded and it is shown in Fig. 8.3. The discharge 
behaviour seems to be quite similar to the case of 
unobstructed gravity flow as far as the duration of the 
initial transient period is concerned. The total discharge 
time was slightly smaller (e.g. by approximately 3s) for the 
same initial height of filling (71cm) as in the case of the 
unobstructed flow, which resulted in the acquisition of one 
less time sample for each of the heights at 60mm and 120mm.
The faster discharge is due to the fact that the obstacle 
was presumably placed at a critical height in the hopper 
causing the breakup of the stresses formed near the outlet 
of the hopper and consequently the acceleration of the flow.
8 . 3 . 3  C r o s s - s e c t i o n a l  p r o f i l e s  o f  s o l i d s  f r a c t i o n  d u r in g  
h o p p e r  d i s c h a r g e
Figs.8.4-8.14 show a set of profiles for the static case and 
various stages of flow at 60mm, 120mm and 140mm above the
orifice. The faster discharge rate observed with the 
obstacle for the same initial height of fill as in the 
unobstructed flow case, resulted in the acquisition of two 
readings at the height of 60mm, only one at 12 0mm and none 
at 140mm during the final transient. At the height of 140mm, 
the position of the obstacle is located at the centre of the 
profile as marked in Figs.8.12-8.14.
The distance along the hopper is expressed in reduced units 
as before (e.g. in multiples of the maximum particle 
diameter in the mixture which is 3.25mm) . It can be seen in 
Figs.8.4&8.8 that the total solids fraction in the static 
case fluctuates around mean values of 0.66 and 0.68 at 60mm 
and 120mm respectively. This is about 5% higher than the
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Displacement along scan axis (p.d.)
Fig. 8.4 Static solids fraction profiles of the binary 
mixture at 60mm above the orifice
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F i g .
(i) Bed with insert after 
2s of flow at 60mm
Displacement along scan axis (p.d)
(ii) Bed with insert after 
5s of flow at 60mm
Displacement along scan axis (p.d)
Fines
C oarse
■ Total
8.5 Solids fraction profiles of the binary mixture at
60mm above the orifice after 2s and 5s of flow
(Initial Transient)
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Displacement along scan axis (p.d.)
(i) Bed with insert after 51s of flow 
at 60mm
do
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Fig.8.7
(ii) Bed with insert after 52s of flow 
at 60mm
Solids fraction profiles of the binary mixture at 
60mm above the orifice after 51s and 52s of flow 
(Final Transient)
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Displacement along scan axis (p.d.)
Fig. 8.8 Static solids fraction profiles of the binary 
mixture at 120mm above the orifice
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Fig.
,i) Bed with insert after 
2s of flow at 120mm
Displacement along scan axis (p.d)
(ii) Bed with insert after 
5s of flow at 120mm
♦ Fines
Coarse
■ Total
Displacement along scan axis (p.d)
3.9 Solids fraction profiles of the binary mixture at
120mm above the orifice after 2s and 5s of flow
(Initial Transient)
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Displacement along scan axis (p.d.
(i) Bed with insert after 
14s of flow at 120mm
(ii) Bed with insert after 
32s of flow at 120mm
-20-16-12 -8 -4 0 4 8 12 16 20
Displacement along scan axis (p.d)
Fines
Coarse
m Total
Fig.8.10 Solids fraction profiles of the binary mixture at 
120mm above the orifice after 14s and 32s of flow 
(Pseudo-Steady State)
177
So
li
ds
 
fr
ac
ti
on
Chapter 8 Poly-disperse systems with obstacles
-20-16-12 -8 -4 0 4 8 12 16 20
Displacement along scan axis (p.d)
Fines
• Coarse
■ Total
Fig.8.11 Solids fraction profiles of the binary mixture at
120mm above the orifice after 51s of flow (Final
Transient)
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Wall
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Fig.8.12 Static solids fraction profiles of the binary
mixture at 140mm above the orifice. The position 
of the insert is also marked being at the centre 
of the profile.
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Wall
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Fig.8.13 Solids fraction profiles of the binary mixture at
140mm above the orifice after 2s and 5s of flow
(Initial Transient)
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Fig.8.14 Solids fraction profiles of the binary mixture at 
140mm above the orifice after 14s and 32s of flow 
(Pseudo Steady State)
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total solids fraction values measured for the static fill 
without the presence of the obstacle. Clearly, there is an 
effect of the obstacle on the initial fill, resulting in the 
formation of static fills being consolidated to a higher 
degree than when the obstacle is not present.
Over-consolidation of the fills is more significant at the 
immediate vicinity of the obstacle as can be seen in 
Fig.8.12 which shows static solids fraction profiles at 
140mm above the orifice, where the base of the obstacle 
lies. A gradient in the values of the fill is generated with 
the solids fractions increasing from about 0.63 near the 
walls to almost 0.7 at the obstacle side indicating a denser 
assembly near the obstacle boundaries. A result of this 
over-consolidation is the formation of more significant 
stress gradients during filling than the ones usually formed 
when the obstacle is not present at this height.
Fine particle concentration seems to decrease at regions 
close to the obstacle boundaries(i.e . 140mm) during filling
accompanied with a reciprocal increase in the concentration 
of coarse particles in the same region. Furthermore, there 
is clearly a decrease of about 50% of fine particle 
concentration between the wall region and the obstacle 
boundary while coarse particle concentration seems to have 
increased between these two regions by about 40%. The onset 
of flow (see Fig.8.13) reduces the cross-sectional gradients 
observed on both the total solids fraction profile and the 
profiles of the individual components at 140mm thus creating 
almost flat profiles, while on the other hand causing a bed 
dilation of about 10%. The resulting flatness in the solids 
fraction profiles of the fine and coarse particles indicates 
that with the onset of flow, major voidage re-arrangement 
has taken place due to the large values of the stresses at
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the obstacle region, subsequently resulting in fines 
migration at the elevation of 140mm.
As far as the elevations of 60mm and 120mm is concerned the 
bed is dilated to the same extent with flow 
commencement(10%) as when the obstacle was not present in 
the flow at 60mm (see Figs. 8 . 4&8. 5) . The degree of dilation 
is also about 10% at the elevation of 120mm(see Figs. 8.8 & 
8.9). It can be seen that the presence of the obstacle 
created quite a uniform distribution of dilation throughout 
the conical section compared to the case of the unobstructed 
flow where the dilation at 120mm was smaller (i.e. 7%). The
reason for this is believed to be the over-consolidation of 
the static fill at elevations close to the obstacle.
Higher fluctuation in the point to point values of fine 
particles is observed at 140mm than at 60 and 120mm, as can 
be seen in Figs. (8.6, 8.10 & 8.14) . Fine particle
concentration is increased with the onset of flow at 60mm 
(see Figs. 8.4 & 8.5) whereas it stays constant at 120mm(see 
Figs. 8.8 & 8.9).
Information about the rate and degree of the mobility of 
fine and coarse particles at the various regions of the 
hopper can be found in the following sections, where 
calculations of strain rate and self-diffusion velocity 
variation with time of flow as well as spatial variation of 
self-diffusion velocities and self- and mutual-diffusion 
coefficients are carried out for the obstructed flow of the 
binary mixture under consideration.
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8.4 Self- and mutual-diffusion in the obstructed flow of a 
binary mixture
All profiles at 60,120 and 140mm above the orifice are split 
in regions of width equal to two coarse particle diameters 
and the solids fraction values falling within these regions 
are averaged over the entire width of the region in exactly 
the same way as in the case of the unobstructed flow. The 
same statistical analysis described in Chapter 7 and applied 
again for the pseudo-steady state period of batch discharge, 
is possible to extract strain rate and instantaneous self­
diffusion velocity at certain locations of the hopper as 
well as spatial variation of self-diffusion velocity, self- 
and mutual-diffusion coefficients across the cross-sectional 
areas at all heights of 60, 120 and 140mm.
8 . 4 . 1  A n a l y s i s  o f  s t r a i n  r a t e  d a ta
Figs. 8.15-8.18 show the micro-turbulence (i.e. strain rate 
fluctuations) sampled over a distance of two coarse particle 
diameters for the left, right wall and the central region at 
the heights of 60mm and 120mm while Figs.8.19&8.20 show the 
micro-turbulence at 140mm for the left and right wall as 
well as for the left and right boundary regions of the 
obstacle respectively.
As can be seen from these plots, the strain-rate 
fluctuations seem to be more significant again during the 
transient stages (initial and final) and also more severe 
closer to the wall regions at all three heights. It is 
especially noteworthy that the strain rates observed during 
the initial transient stage at 60mm and 120mm are as high as 
4-5s"1 which are about twice as high as in the unobstructed 
flow whereas at 140mm the fluctuations boost to even higher 
values of about 10s"1. This is inqualitativeagreement with the 
voidage re-arrangement necessary
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Fig. 8.15 Micro-turbulence profiles with time at (i)left
wall region at 60mm (ii)right wall region at 60mm
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Fig.8.16 Micro-turbulence profile with time at the centre 
of the hopper at 60mm
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Fig. 8.17 Micro-turbulence profiles with time at (i)left 
wall region at 120mm (ii)right wall region at 
12 0mm
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F i g . 8 . 1 8  Micro-turbulence profile with time at the centre 
of the hopper at 120mm
188
M
ic
ro
-tu
rb
ul
en
ce
 
(1
/s
) 
M
ic
ro
-tu
rb
ul
en
ce
 
(1
/s
)
M S Nikitidis
Fig.8.19 Micro-turbulence profiles with time at (i)left 
wall region at 140mm (ii)right wall region at 
140mm
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F i g . 8 . 2 0  Micro-turbulence profiles with time at (i)left
boundary region (ii)right boundary region of the 
obstacle at 140mm
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to dilate an over-compacted bed which results from filling 
in the presence of an obstacle, and this re-arrangement is 
most significant especially in regions adjacent to the 
obstacle.
During the pseudo-steady state, the lattice of flowing bulk 
assembly is more uniform and severe micro-turbulence is 
confined in the wall regions whereas at the central regions 
micro-turbulence is less pronounced. Reciprocal variation is 
also observed between strain rate fluctuations of fine and 
coarse particle phases indicating again the relative 
incompressibility of the bed though during initial transient 
this reciprocality is not observed and hence supporting the 
previous statement for voidage re-arrangement taking place. 
No direct visual information can be extracted again about 
the variation of micro-turbulence with height but this is 
expected to be revealed as before by the calculations of the 
self-diffusion velocities.
8 . 4 . 2  Calculations o f  s e l f -d i f fu s io n  v e lo c i t i e s
Figs.8.21-8.26 show the self-diffusion velocity profiles in 
time during different stages of flow as these are calculated 
by Eq.(7.13).
As it can be seen self-dif fusion velocities seem to exhibit 
abrupt changes only during the transient stages of flow at 
both heights where their values appear to be higher(about 
one order of magnitude) than the values of the self- 
dif fusion velocities observed at the same regions during the 
initial transient in the unobstructed flow. Especially at 
140mm where the obstacle is physically present, the self­
diffusion velocities seem to acquire higher values than the 
values acquired at 60mm and 120mm, indicating the higher 
mobility of particles at these regions where significant
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F ig .  8 .2 1  Self-diffusion velocity profiles with time at (i)
left wall region at 60mm (ii) right wall region at 
60mm
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F ig .  8 .2 2  Self- diffusion velocity profiles with time at the 
central region at 60mm
/
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F ig .  8 .2 3  Self-diffusion velocity profiles with time at (i) 
left wall region at 120mm (ii) right wall region 
at 120mm
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F ig .  8 .2 4  Self-diffusion velocity profiles with time at the 
central region at 120mm
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left wall region at 140mm (ii) right wall region 
at 140mm
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of the obstacle at 140mm
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stress gradients are released with the onset of flow. No 
significant difference is observed during pseudo-steady 
state period of discharge in the self-diffusion velocity 
values as compared with the values observed during 
unobstructed flow, since the flow field seems to recover 
back to a relative incompressible state after the initial 
major voidage re-arrangements.
Figs. 8.2 7 & 8.2 8 show the spatial variation of the time- 
averaged self-diffusion velocity throughout the cross- 
sectional areas at all three heights as calculated by 
Eq.(7.17). Self-diffusion velocity is higher close to the 
highly sheared wall regions while dropping to smaller values 
at the central region of the hopper at all three heights. 
Coarse particles seem to diffuse more than fine particles at 
all heights while self-diffusion velocity is approximately 
of the same magnitude at all heights in the central region, 
being slightly higher at 60mm. At the elevations of 120mm 
and 140mm seems that self-diffusion velocities are higher by 
a factor of 1.5 compared to the self-diffusion velocity 
values at the wall regions at 60mm. This is strong evidence 
that at heights closer to the obstacle, the extent of bulk 
shear is even more amplified adjacent to hopper walls.
In conclusion although higher values of the local strain 
rates were detected on the onset of flow in the case of the 
obstructed flow, it seems that during pseudo-steady state 
the bed recovers back to relative incompressibility state of 
flow as indicated by the non-significantly different values 
of self-diffusion velocities at both elevations of 60mm and 
12 0mm at the central regions of the hopper. In contrast, 
there is greater strain fluctuation accompanying obstructed 
flow at heights near the obstacle and especially near the 
hopper walls.
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Distance along scan axis (p.d.)
- 12.00 0.00 12.00 
Distance along scan axis (p.d.)
(ii)
F ig .  8 .2 7  Spatial distribution of time-averaged self­
diffusion velocity (i) at 60mm (ii) at 120mm
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Fig. 8.28 Spatial distribution of time-averaged self­
diffusion velocity at 140mm
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8 . 4 . 3  C a l c u l a t i o n s  o f  s e l f -  and m u t u a l - d i f f u s i o n  
c o e f f i c i e n t s
Self-diffusion coefficient is calculated for every location 
by using Eq. (7.18) and its variation throughout the cross- 
sectional area at all three heights is shown in Figs.8.29 
&8.30. Clearly, no significant effect is observed to the 
diffusivity of the particles by the introduction of the 
solid obstacle in the flow at the height of 60mm(see 
Figs.7.23 & 8.29). This is expected since this region is
quite far from the regions where the effects from the 
presence of the obstacle are likely to be significant.
At the height of 120mm values of the self-diffusion 
coefficient seem to be pretty much the same with the values 
calculated for the case of the unobstructed flow at the 
central region, whereas near the wall boundaries diffusivity 
appears to be higher in the case of the obstructed flow.
Finally, at the elevation of 140mm the diffusivity close to 
the wall regions boosts to higher values than at 120mm, 
while at regions close to the centre of the hopper where the 
obstacle is positioned no significant differences are 
observed.
The spatial variation of the mutual-diffusion coefficients 
as calculated at various locations by using Eq.(7.20) are 
shown in Figs. 8.31 & 8.32 for all three hopper heights,
where it is clearly shown that the relative diffusivity of 
one species over the other is higher closer to the walls at 
each height and seems also to be higher closer to the outlet 
as far as the central regions is concerned.
Compared to the case where the obstacle is not present in 
the flow, it can be concluded that at 60mm mutual
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8 .2 9  Spatial distribution of self-diffusion coefficient 
at (i) 60mm (ii) at 120mm
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Fig. 8.31 Spatial distribution of mutual-diffusion
coefficient at (i)60mm (ii)120mm
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Fig. 8.32 Spatial distribution of mutual-diffusion
coefficient at 140mm
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diffusivity appears not to differ significantly at both the 
central and the wall regions of the hopper where at 12 0mm 
mutual diffusivity is higher closer to the walls. An 
increasing trend is observed in the values of mutual 
diffusivity and hence of particle size segregation at the 
vicinity of the obstacle in the case of the obstructed flow.
8 . 5  Comparison w ith k in e t ic  th eory  p re d ic tio n s
An updated version of Fig.7.25 is presented in Fig.8.33 
where two additional experimental points have been inserted, 
representing the non-dimensional self-diffusion coefficients 
calculated by Eq.(7.21) and averaged over the cross- 
sectional areas at heights of 60mm and 120mm respectively. 
The bed seems to be slightly dilated than it was in the case 
of the unobstructed flow but voidage is still quite uniform 
during the PSS of discharge through out the cross-sections 
at both heights.
However, the comparison with kinetic theory shows the 
diffusivity to be again an order of magnitude slower 
compared to randomly colliding particles in both the 
obstructed and unobstructed flow cases.
8 .6  C onclusions
Having established the potential of the dual photon 
technique coupled with the statistical analysis of the 
solids fraction data in Chapter 7, the effect of the 
insertion of a 3D solid conical obstacle in the same binary 
mixture under the same conditions of flow has been 
considered in this Chapter. Scan parameters and procedures 
have been kept identical as in the case of the unobstructed 
flow and measurements were performed at the same two heights 
(60mm and 120mm) respectively with additional data obtained 
at a height of 140mm just at the obstacle base.
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solids fraction
F i g . 8 .3 3  Comparison between theoretical predictions of 
self-diffusion coefficients based on kinetic 
theory[Savage and Dai{1993)], with the values 
extracted from the analysis of the experimental 
solids fraction data for both obstructed and 
unobstructed flow.
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The presence of the obstacle was not found to affect greatly 
the magnitude of self-diffusivity during bulk discharge 
which still remained about an order of magnitude smaller 
compared with the predictions of kinetic gas theory based on 
collisional dynamics. This is in complete support of the 
apparent lack of significant collisional momentum 
contributing to the observed micro-turbulence in hopper 
flows.
However, a higher compacted static bed was formed as a 
result of filling the hopper in the presence of the 
obstacle, which subsequently led to more significant voidage 
re-arrangements with the onset of flow, especially at 
regions closer to the obstacle(120mm and 140mm). These were 
also found to couple with quite high values of the 
calculated strain rates at these two heights, being 4-5s_1 at 
120mm and about 10s”1 at 140mm. As a result of this, 
increased self-diffusivity was revealed within regions close 
to the walls of the container at the elevations of 120mm and 
140mm.
Finally, the notable increase in the magnitude of the 
mutual-diffusion velocities at the vicinity of the obstacle 
points to an enhancement of size segregation likely to be 
brought about by the presence of the obstacle. Such effects 
are expected to be much more severe at higher particle size 
ratios.
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Several measurement techniques are currently available for 
non-invasive inspection and characterisation of particulate 
systems under static and flow conditions in various 
industrial process units after establishing themselves in 
the medical field for both clinical and research purposes. 
The most important of these methods have been reviewed in 
Chapter 2,
Flow of bulk solids from 3D conical hoppers and 2D bunkers 
is an area of great process engineering significance as most 
industrial production processes require bulk solids handling 
technology. The work presented in this dissertation shows 
the importance of being able to gather both voidage and 
velocity data simultaneously in order to model the physical 
processes underlying observed flow behaviour. It is also 
essential that the size of the experimental vessels be in a 
scale reasonably close to the large scale equipment commonly 
used in industrial sites. Mobility of the measuring device 
is also important without however, having to increase the 
cost of such a device.
This thesis mainly deals with the demonstration of the 
applicability of gamma-ray transmission measurement 
techniques to the study of flows in air borne mono-disperse 
and poly-disperse systems under steady-state and snap-shot 
flow conditions. The construction of a novel fan beam 
tomographic scanner in addition to the use of an existing 
parallel beam scanner provided the necessary hardware for 
this demonstration.
Results of all the experiments described in this thesis were 
either compared with results extracted from current 
theoretical models developed for the particular granular 
systems or their analysis was driven by current trends on
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the field of statistical granular mechanics. This link of 
the experimental data to the current theoretical 
developments provided the grounds on which the potential of 
the proposed techniques was based.
The novel tomographic scanner has been designed to a very 
flexible geometrical arrangement of source and detectors so 
that the number of sources required has been reduced to one, 
where the existing parallel beam scanner is operational with 
six sources. Furthermore, the total time required for a scan 
has been reduced by a factor of 3.25 compared with the scan 
time achieved with the parallel beam scanner for the same 
horizontal beam width, while the latter can be tuned between 
certain values within the range of 0.5-2mm in opposition to 
the parallel beam scanner where horizontal beam width is 
fixed to 1 or 2mm. The maximum size of the object that can 
be fit within the radiation field of view is 220mm. The use 
of such a large size of equipment is facilitated by the 
highly penetrating beam employed in both scanners, while the 
fan beam scanner exploits fully the two different photon 
energy levels emitted by 153Gd and is able to perform 
measurements at both levels simultaneously.
Performance tests carried out after the completion of the 
scanner construction by using test objects(phantoms) showed 
an acquired spatial resolution of 1mm while the noise level 
in the image was kept down to ±1-2%. Solids fraction 
profiles along both radial and linear directions in the 
image can be obtained by the fan beam scanner with an 
accuracy of 2-3%, together with colour maps representing 
voidage gradients across the image plane checked against 
known packing arrangements in granular beds with obstacles. 
The accuracy of the dual photon technique has also been
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tested by using test objects of known solids fraction and it 
was found to be very satisfactory.
The accuracy of the single profile absorptiometric technique 
when applied to the study of air-borne mono-sized granular 
mixtures, is tested against theoretical predictions 
developed using Discrete Element simulations for the same 
type of mixtures. Parameters in the experiment have been 
arranged so that they closely match the parameters in the 
simulation (e.g. particle shape and size, duration of 
discharge). Visual observation of the packings in both 
simulation and experimental planar views of the bed showed 
quite good agreement in terms of particle-wall alignment, 
maximum gap size and number of large particles. However, the 
finite size of the experimental beam caused an effect of 
apparent poly-dispersity in the tomographic image since 
particles partially within the beam volume are shown smaller 
in size. Furthermore, a smoothing effect has been introduced 
in the experimental solids fraction profiles caused by the 
finite beam thickness, in contrast with the solids fraction 
profiles extracted from simulation data by using an 
infinitesimal beam width where a higher degree of 
fluctuation in the position to position variation was 
evident. This effect was less evident in the flowing 
assemblies where solids fraction values for both simulation 
and experiment were averaged over a time period of flow and 
this discrepancy was significantly reduced.
A feasibility study was carried out to demonstrate this 
effect, by using a finer beam in order to better approximate 
the infinitesimal width of the simulation beam. Most of the 
observed discrepancies between the experimental and the 
simulated solids fraction profiles have been eliminated when 
the finer beam was used for the measurements.
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The quantitative determination of a mono-sized bed of 
particles can be achieved by scanning at a single photon 
energy level. However, in order to be able to quantify a 
poly-disperse system in a similar way it is essential to 
scan at more than one energy level. The use of dual photon 
technique enables the study of binary mixtures by measuring 
the solid fraction profiles of each of the individual 
species and moreover to study mixtures comprised of
particles of almost equal densities (density difference 
within 10%) but different elemental constitution.
Dual photon technique has been applied to the study of a 
binary mixture consisting of 20% b.w. of fine particles 
where the size ratio of particle diameters was 2.11:1. 
Information about solids fraction values of each of the
individual species at various time intervals and at various
locations at two heights of the conical section of the
hopper were supplied by the dual photon technique.
An analysis based on recent advances in statistical granular 
mechanics was performed on the solids fraction data obtained 
by the dual photon technique which actually enabled the 
calculation of the local bulk strain rates of the bed and of 
self-diffusion velocity profiles in time and in space for 
both species. Self- and mutual diffusion coefficients 
arising from local micro-turbulence effects were also 
calculated quantifying the degree of diffusivity for each of 
the species as well as the relative diffusivity of one 
species over the other, respectively.
All the above analysis was adopted based on the fact that 
during slow granular shear-flow, particles are moving with a 
mean streamwise velocity but at the same time a turbulent 
motion favoured by the shear gradients in the bed results in
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self-diffusion of particles. It was shown that close to the 
wall boundaries where high shear gradients are predominant, 
the magnitude of self-diffusivity is higher than expected 
since it is known that close to the boundary regions mean 
streamwise velocity is significantly smaller than it is at 
the central region of flow, where diffusion of particles is 
almost suspended as it was clearly shown by the statistical 
analysis.
It is strongly believed that study of segregation of any 
poly-disperse granular system should be based on the
consideration of individual solid components of the mixture 
as distinct phases rather than as individual particles. Thus 
any type of tracer tracking system used to study segregation 
in a mixture will be inappropriate, since only local 
particle trajectories are available by these techniques 
which cannot characterise the self-diffusive aspects of the 
bulk motion unless of course trajectories of all the 
particles in the mixtures are obtained. Furthermore, 
determination of flow velocity from particle trajectory data 
requires fitting of smooth functions or polynomials, a
procedure which ignores totally the possible self-diffusive 
motion. Therefore, segregation can be studied most
effectively on the basis of bulk migration of particulate 
phases rather than of individual particles.
The mechanisms of micro-turbulence during discharge of a 
binary mixture have been revealed by comparing the
diffusivity results obtained with the statistical analysis 
adopted in the present study, with calculations of 
diffusivity based on theoretical predictions arising from 
the kinetic theory of gases which assumes collisional 
interactions between particles. It was clearly shown that 
there is a difference of one order of a magnitude at least
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between the two types of results, confirming that kinetic 
theory is not applicable in slow shear-granular flows where 
the main mechanisms for particle diffusivity includes linear 
translation and rolling but not any significant collisional 
interactions.
Indeed the measured values of the self-diffusion velocities 
are small (i.e. of the order of fxrns”1) as compared with bulk 
flow velocity (i. e. of the order of cms"1) indicating that 
these arising from contact displacements between particles 
and contain little evidence of "free flight".
Finally, same procedures were repeated with an identical 
binary mixture and using an obstacle inserted at the 
transition line between the conical and the cylindrical 
section of the hopper. Eventhough, no significant 
differences were detected regarding the general degree of 
self-diffusivity compared to the unobstructed flow case, 
evidence was obtained of the disturbance of the adjacent 
flow fields of the physical presence of the obstacle.
215
C h a p t e r  1 0  
Suggestions for further work
M  S Nikitidis
The present thesis is devoted primarily to the development 
and demonstration of various gamma-ray tomographic 
techniques to granular flows in conical hoppers and has 
therefore not been possible to investigate all possible 
parameters affecting flows in full detail. Instead a 
selection of experiments h.as been carried out including 
different features which can be used to highlight the 
potential of the techniques used. The main technological 
achievement is the development of an integrated piece of 
equipment specially constructed to allow the end user(i.e. 
process engineer) to apply these techniques to different 
types of granular mixtures by carrying out micro-structural 
experiments to reveal detailed physical information 
underlying the main flow mechanisms occuring during 
discharge from hoppers.
It is shown convincingly that the dual photon technique 
coupled with the statistical analysis technique presented in 
this thesis, could be used to reveal the variation of degree 
of micro-turbulence and diffusivity of binary mixtures of 
different size ratios and different fine particle 
concentrations flowing within different vessel
geometries(mass flow or funnel flow) so that a complete 
picture regarding both the magnitude and the rate of bulk 
segregation as a function of mixture properties can be 
built.
Another important point to note is that all the diffusion 
coefficients calculated in Chapters 7&8 predominantly give 
the magnitude of diffusivity in the vertical direction at 
certain heights within the hopper. To refine the analysis it 
should be possible to take more scans at heights very close 
one another so that velocity auto-correlation functions 
based on self-diffusion rates could be calculated. With the
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availability of dense spatial information on self-diffusion 
velocities, the auto-correlation of these velocities will 
result in the calculation of all the components of the 
diffusion tensor within the flow field(i.e. calculation of 
DXx, Dxy, Dyx, Dyy across the horizontal planes scanned) [see
Campbell(1996)].
It should be possible to extend the use of single profile 
absorptiometric measurements to the study of stock pile 
formation and compare the results with DE simulations which 
are currently being developed in the Department of
Chemical&Process Engineering at Surrey.
Finally, it would be useful to consider yet another new 
technique which is based on the use of different data 
acquisition modes of the fan beam scanner, so that a 
complete volume element of the storage vessel rather than a 
single slice can be fully reconstructed. This technique 
would be very useful to reveal structural information in 
fine powder flows (i.e. in the micron size range) .
Consideration of the reconstructed volumes at any given cut 
section, should reveal possible variations in bulk voidage 
and self-diffusivity in systems in which it would be
impossible to trace the motion of individual particles.
2 1 8
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Appendices
Appendix A
Fig. A.l The parallel beam scanner
Fig. A.2 The fan beam scanner
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Appendices
Appendix B
Table B.l summarizes the simulation data in both metric 
units and reduced units. The length unit is 7mm (the maximum 
particle diameter) and gravitational acceleration is unity, 
hence the time unit (<j/g)1/2 is equal to 0.0267 s. The 
simulation geometry is set up to replicate the experiment.
Many more particles are used in the experiment, to allow 
sufficient time of discharge for the tomography 
measurements. However, it is experimentally well established 
that in steady state flow of non-cohesive coarse particles, 
the voidage near the hopper outlet and the solids discharge 
rate are not affected by the height of the bed; see [Tiizun 
et al (1982)] .
As already noted the experimental particles are not 
spherical, (but their sphericity is not too low), however, 
this is considered a fair test of the simulation. The 
friction and damping constants used were typical for 
granules and the Hertzian interaction used had an effective
Parameter Reduced Units SI Units
Hopper diameter 20.6 0.144
Orifice diameter 4 . 9 0.034
Half-angle 3 0 deg
No. particles 8000
Particle diameter 0.714 - 1.0 0.005 - 0.007 m
Friction
coefficients
0.3
Damping
coefficients
0.3
Elastic modulus 50000 1.8 x 10b
Poisson's ratio 0.3
Time interval 0.001 2.68 x 10"b
t orifice open 50. 1.34
t simulation stop 100 2.68
t results sampled 60,70,80,90,100 0.27 interval
T able B .l
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Young’s Modulus E = 50,000, somewhat lower than for the real 
peas but typical for such simulations.
The simulation computes the linear solid fraction profile so 
that direct comparisons can be made with experiment. 
Horizontal lines are established through the hopper at the 
appropriate height with the same line spacing (2mm) and the 
fraction of the line intersecting the hopper which also 
intersects particles was calculated.
For the static profiles, this uses the particle positions 
when all have settled at the bottom of the hopper before it 
is opened (t=50).
For discharge it would be possible to take the particle 
positions at a specific moment in time and then calculate 
the same ratio. However, this would not be a true comparison 
with experiment since the experiment needs a finite time for 
each scan. Hence the simulation results were averaged over 
five moments in time (t=60, 70, 80, 90, 100).
A "continuous" calculation over an equivalent time period 
used in the experiment would require much more data, and the 
average over five time moments is statistically sufficient, 
in that it gives data that fluctuates in a comparable manner 
to the experiment, as shown by the results comparisons.
The simulation calculates the radial solid fraction results 
directly. That is there is no need to transform the linear 
data as for the experiment. The simulation sets up circles 
inside the hopper at the appropriate height and radial 
spacing and for each one determines the fraction that is 
inside a particle. The comparisons with experiment are then 
also a test of applicability of the transformation.
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Nomenclature
Roman
Epa kinetic energy of ejected electron
during phtoelectric absorption (eV) (leV=l. 602xl0“19J ) 
hv incident photon energy(eV)
Be binding energy of electron (eV)
Z atomic number of an element
mDc2 rest mass energy of the electron(eV)
hv' scattered photon energy in Compton effect(eV)
Einc kinetic energy of recoiled electron in Compton
effect(eV)
E_ kinetic energy of electron produced during pair
production(eV)
E+ kinetic energy of positron produced during pair
production(eV)
P dimensionless quantity in Eq.(3.7)
e charge of the electron(Coulomb)
N0 Avogadro number (6.022xl023 mol-1)
A atomic mass
Wj weight fraction of an element in a compound
Z effective atomic number of a compound
I emerging radiation intensity from a material (Jrrf2s-1)
10 incident radiation intensity (Jm_2s“1)
1 material thickness (m)
C contrast in measurement
er error in contrast measurement
11 emerging radiation intensity for one component system 
(JrrfV1)
12 emerging radiation intensity for two component system 
(J n f V 1)
CT number expressing the relative difference of the
l.a.c. at a pixel from the l.a.c. of a reference 
material
L scaling constant for CT number
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F raysum
R radius of hopper section(m)
z height along the hopper(m)
y horizontal direction across the hopper(m)
r radial distance(m)
G(r) radial density function
G(y) linear density function
rs spatial resolution(m)
d diameter of scanned object(m)
d0 orifice diameter(m)
s spacing between adjacent raysums (m)
p(x) filter function
FTfl1 filtered raysum at projection angle y
K calibration constant in Eq.(5.2)
Fm measured raysum from matrix material only
Fb measured raysum from matrix and solids
Fw measured raysum from hopper walls
Fa measured raysum in air
S source-centre of object distance (m)
lw wall thickness (m)
Ib emerging radiation intensity from binary bed{Jnf2s“1 )
Vj volume occupied by species j (j=c,f) in a binary
mixture (m3)
V® volume occupied by species j (j=c,f) in a binary
mixture where volume occupied by air(voidage) is 
excluded(m3)
AVj change of volume occupied by species j (m3)
Vt total volume occupied by all species and air in the
binary mixture(m3)
Xj weight fraction of element j (j=c,f) in a binary
mixture
W mass flow rate (kgs-1)
c’ modified discharge coefficient in Eq.(7.5)
g gravitational acceleration(ms-2)
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z ' ( d e f f )  empty annulus width (m)
dNL mean length particle diameter(m)
Ti initial transient time(s)
B kinematic constant(m)
Q volumetric flow rate(m3s_1)
N number of samples during PSS period
Nt total number of samples during flow
At time of flow duration (s)
fj(ti) fluctuating component of solids fraction
^(tj,)2^  mean squared value of the fluctuating solids fraction
Af^tfy variation of the fluctuating solids fraction
T:j(ti) instantaneous micro-turbulence (s_1)
T^j(ti)) time-averaged micro-turbulence over PSS (s_1)
D3 self-dif fusion coefficient for species j (m2s_1)
D” mutual-dif fusion coefficient (m2s_1)
*D3 non-dimensional self-diffusion coefficient
Tg granular temperature (m2/s2)
g0(T|) radial function of solids fraction in contact 
ep standard coefficient of restitution
As cross-sectional area of volume element occupied by
solids and air in binary mixture (m2) 
v slice thickness(m)
number of atoms per unit volume
Greek
at atomic cross section for photoelectric absorption
(barn) (lbarn=10~28 m2) 
hva a =  — in Eq. (3.4)
moc
0 angle of scattered photon during Compton effect
(j) angle of recoiled electron during Compton effect
aOlnc atomic cross section for Compton effect (barn)
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e<7inc electron cross section for Compton effect (barn)
d{aK) differential cross section for pair production(barn)
1 e2G0 G = --- (--- - ) 2 ~ 5.80 X 10-32 (m2/electron) in137 m Dc
Eq.(3.7)
p  linear attenuation coefficient (irf1)
p  physical density (kgrrf3)
Xcom mass attenuation coefficient of a compound (m2kg_1)
%j mass attenuation coefficient of a compound element
(m2kg_1)
p rec reconstructed l.a.c. (m_1)
Pwater l.a.c. of water (nf1)
p(x,y) planar distribution of l.a.c. (m_1)
£j volume fraction for element j(j=A,B,C)
Pj l.a.c. for element j(j=A,B,C) at energy level
i (i=low, high) (nf1) 
kmax maximum spatial frequency in an image (nf1)
y projection angle
T| (x) solids fraction at pixel x
px l.a.c. at pixel x (m"1)
Pro l.a.c. at a pixel filled with matrix material (rn”1)
p s l.a.c. at a pixel filled with solids ( i r f 1 )
r\ solids fraction
X angle between a certain ray in the fan beam and the
central ray 
Pb l.a.c. of a binary bed (irf1)
p w l.a.c. of hopper walls (nf1)
pj solid (physical) density for element j (j=c, f) (kgm-3)
pso static solids fraction of perfect mono-sized spheres
T|s(Xf) static solids fraction of a binary mixture with Xf
b.w. fines
239
Nomenclature
(ti), mean value of flowing solids fraction for element j
(j=c,f)
T|j(ti) solids fraction of element j at time ti
Ap/p2 bulk density change at initiation of flow
b3v(ti) instantaneous self-diffusion velocity(ms 1)
(t)gV(ti )^ time-averaged self-dif fusion velocity over PSS (ms-1)
/bgV.2(ti)) time-averaged squared self-dif fusion velocity over
PSS (m2s2)
Oj particle diameter(m)
A b b reviation s
CAT Computer Assisted Tomography
PET Positron Emission Tomography
PEPT Positron Emission Particle Tracking
NMR Nuclear Magnetic Resonance
CT Computerised Tomography
KI Potassium Iodide
2D Two dimensional
3D Three dimensional
DE Discrete element
l.a.c. linear attenuation coefficient
m.a.c. mass attenuation coefficient
b.w. by weight
p.d. particle diameters
s.v. standard deviation
CsI(Tl) Caesium Iodide, Thallium activated
PMT Photomultiplier Tube
SCA Single Channel Analyser
DSP Digital Signal Processor
PC Personal Computer
Gd Gadolinium
IT Initial Transient
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PSS Pseudo-Steady State
FT Final Transient
PMSF Plane mean solids fraction
LMSF Linear mean solids fraction
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